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INTRODUCTION 
Cytoplasmic male sterility (CMS) in plants results in dead pollen, 
which is of considerable economic importance. Since 1944 it has been 
used for low cost, large scale self-emasculation of the seed parent of 
crop hybrids. CMS is a type of sterility resulting from extranuclear 
constituents which have a certain degree of stability and can be 
transmitted to succeeding generations. Little is known of the extra-
nuclear constituents, whether they are in organelles or elsewhere in 
the cytoplasm. 
Sorghum, like most grasses, has perfect flowers and is wind-
pollinated, but is normally self-fertilized. Since the discovery of 
CMS in Sorghum bicolor by Stephens and Holland (1954), it has been 
possible to maintain and utilize these lines for breeding purposes. 
Although there is considerable genetic, and some biochemical 
(Kern, 1969) information about CMS sorghum, the direct cause and 
mechanism of pollen abortion remains unknown. The reason for this 
study was to attempt to answer the latter two questions by making 
anatomical, cytological and histochemical observations during 
microsporogenesis. The results were compared to a similar investigation 
of a normal sorghum line. 
More specifically, it seemed necessary to investigate any 
structural changes in the CMS anther which might give some indication of 
the cause or causes of microspore abortion. Anthers for this study could 
be collected in large quantities at similar and precisely determined 
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stages of development. Investigations of microsporogenesis were done 
at both light and electron microscope (EM) levels. 
Histochemical changes, especially in the tapeturn and microspore 
mother cells during microsporogenesis, were sought as clues to the 
nature of the abortive process. Included were histocheihical tests 
for total carbohydrates, starch, nucleic acids, proteins, and acid 
phosphatase. 
Since anatomical and cytological information concerning abortion 
in CMS taxa is not consistently presented or interpreted critically 
in existing reviews of CMS, a comprehensive literature review of these 
aspects of CMS angiosperms, primarily crop plants, was compiled. 
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LITERATURE REVIEW 
Cytology and Anatomy in Cytoplasmic Male Sterile Angiosperms 
Cytoplasmic male sterility (CMS) has been reviewed most recently 
by Edwardson (1970), who surveyed most of the literature through 1969. 
Nishi and Hiraoka (1958) and Chowdhury and Varghese (1968; not cited 
by Edwardson) also have reviewed the types and causes of pollen sterility 
in various crop plants, including CMS taxa. Currently there are 
published reports of CMS in approximately 140 species of 47 genera from 
20 families of angiosperms. 
This literature review is concerned with the anatomy and cytology 
of microsporogenesis in normal (N) and CMS lines of the same species. 
While studying the literature such questions have been asked as when 
does abortion occur and what happens when it begins, what clues can 
be observed prior to the onset of abortion, and what related observable 
events occur in the tapetum and microspores during the stages leading 
up to abortion. 
The profusion and inaccuracy of much of the descriptive terminology 
is impressive, especially by the vagueness concerning answers to the 
important questions posed, and by gaps in the descriptions of most 
authors. Some investigators seem unfamiliar with the morphological 
stages leading from sporogenous tissue to mature pollen, as well as 
the terms used to describe these stages. 
^This term, used here as by Homer and Lersten (1971), includes 
all stages from the undifferentiated microsporangium to the mature pollen-
filled anther, including related events in the tapetum and external cell 
layers. 
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Abortion has been reported to occur at almost every stage of pollen 
development. This stimulated a comprehensive study of the literature, 
to determine as precisely as possible when morphological events occur and 
to translate what clearly and accurately describes these events so that 
they can be compared. A diagram of microsporogenesis (Fig. 1) represents 
stages recognized and the terminology used. Alternate terms for some 
used in this scheme do exist and certain details are omitted. 
The anatomical and cytological events reported in the literature, 
up to May 1, 1972, are summarized with other pertinent items in tables 
for quick retrieval and comparison because such information is least 
confusing in this form. Certain papers are reviewed more comprehen­
sively, even though they may be included in the tables. 
Organization of the tables 
There are four tables which together allow one to readily extract 
several kinds of information. Although the known literature has been 
covered comprehensively, some published accounts may have been missed. 
Table 1 lists taxa and investigators in which CMS anther anatomy 
and cytology have been discussed. Table 2 codifies three kinds of 
information into numbers for inclusion in Tables 3 and 4. Table 3 
shows the distribution of reported stages of abortion. The vagueness 
of many reports, however, made it sometimes difficult to interpret 
abortive stages in terms of the eight stages of microsporogenesis 
shown in Fig. 1. After the abortive stages were determined, they were 
tabulated as percentages of abortion. 
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Table 4 contains interpreted information taken from publications 
concerning anther morphology, microspore development until abortion, 
what occurs at the time of abortion, and changes in the tapeturn. 
Investigators whose observations are similar are grouped together to 
avoid repetition. Clearly presented, pertinent information was trans­
lated into the terminology of Fig, 1. Where this information was 
difficult to interpret, it resulted in many rather cryptic phrases in 
the table. The phrase "no information" occurs frequently, emphasizing 
the incompleteness of many studies. 
Information based on the tables 
Table 1. This table lists 13 families, 26 genera, and 37 species, 
Monocots are represented by 2 families (Gramineae and Liliaceae), 9 
genera, and 17 species. The Gramineae, as expected, have been studied 
most with 8 genera, and 15 species listed. The dicots are a more 
varied group of 11 families, 17 genera, and 20 species. All taxa are 
listed as Latin binomials even though in many papers only a common name 
is used. Some reports omit reference to a species and are indicated 
as "sp," Investigators are listed with CMS species studied and 
assigned a number, which is listed in Table 3. 
Table 2. This table includes sources of CMS, stages at which 
abortion occurs, and research techniques used. The CMS sources are 
those of Edwardson (1970): 1) from intergeneric crosses, 2) from 
interspecific crosses, 3) from intraspecific crosses, and 4) apparently 
occurring spontaneously. This classification, which Edwardson said was 
arbitrarily assigned, seems a reasonable one, and was convenient because 
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most papers dealt with here also are included in his latest review. 
Among the taxa listed, 6 (10 percent) came from source 1, 10 (16 percent) 
from source 2, 10 (16 percent) from source 3, and 35 (51 percent) from 
source 4. 
In column three of Table 2, research techniques are listed and 
number coded: Fifty-seven percent of the investigators reported using 
either standard paraffin sectioning or squash techniques, or both. Many 
studies report using chromosome fixatives, such as Carnoy's, for both 
cytological and anatomical preparations. Such fixing solutions have 
harsh affects on tissues and are no doubt responsible for introducing 
preparation artifacts later misinterpreted. Staining for pollen viability 
with iodine seems to be used routinely and is often implied, but not 
specified, as a procedure. At least 16 percent of the studies omitted 
any reference to methods used to observe microsporogenesis and microspore 
abortion. 
Table 3, The time of abortion for each study reviewed was assigned 
to one or more developmental stages, as shown in this table and in Fig. 1. 
Some investigators clearly describe the abortive stage, others describe 
them in a more general way. Abortion was cited merely as occurring 
sometime before tetrad until the mature microspore; or sometime during 
microspore maturation. This made it difficult to assign a specific 
time of abortion and the percentages therefore reflect the total number 
of "possible" times abortion occurred at a given stage in Table 1, A 
single study, for example, may mention an abortive time that, in terms 
of this scheme, would have to be scored for two or three stages. 
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Table 4. This table provides a siinsnary of the anatomical and 
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cytological observations of CMS taxa. Of the 61 studies included, 
34 (56 percent) were concerned with monocots, and 27 (44 percent) dealt 
with dicots. Thirty of the studies describe gross anther morphology 
before, or at, anthesis. Eleven of these reported empty anthers with 
no pollen, eleven described the anthers as shriveled or shrunken in 
appearance and eight reported anthers as malformed, small or showing 
other abnormalities related to structure or color. 
Tapetal observations were included in 36 of the studies; 31 of 
these reported a tapeturn of the secretory type, and 5 (4 dicots and 1 
monocot) were described as the plasmodial (periplasmodial) type (Davis, 
1966), Of the 19 monocot species for which tapetal observations are 
included, only four reportedly had a tapetum that disintegrated rapidly. 
Only 17 of the dicot studies reported information about the tapetum. 
Most species studied had a secretory tapetum that generally remained 
intact during microspore ontogeny or persisted until after microspore 
abortion with little cytological evidence of hypertrophy or degradation. 
In those species reported to have a plasmodial tapetum, the process of 
microspore abortion seemed delayed. 
Of the species reviewed, approximately 90 percent had normal micro­
spore ontogeny before the time of abortion, while only about 10 percent 
reportedly showed abnormalities before abortion. The majority (about 70 
percent) of microspore or pollen abortions reportedly occur from stage 3 
^ "Studies" as used here represent 58 published papers; since the 
work of Nishi and Hiraoka (1958) included four different taxa, it was 
considered to represent four different studies, making a total of 61 studies. 
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and 5. The proportion of abortions during these stages is quite similar 
for monocots and dicots. More dicots abort before tetrad formation 
(stage 3), but more monocots reach or persist beyond the binucleate 
pollen stage (stage 6). 
The ontogeny of the tapeturn and microspore in CMS lines of angio-
sperms has received limited attention at the light and EM levels. 
The CMS Gramineae, primarily those of agronomic importance, have been 
studied the most intensely in regard to anther morphology, anatomy 
and cytology. 
Sorghum. Singh and Hadley (1961) investigated the anthers of 
sterile and fertile lines of Sorghum vulgare (Table 5), They observed 
a binucleate tapeturn in the fertile line. In the sterile anthers 
(Table 6) the nuclei of the tapetal cells divided repeatedly by 
endomitosis, producing a multinucleate tapeturn. In comparing the 
developing tapetum of N and CMS lines, the sterile cells stained 
lighter and remained intact beyond the time in which normal pollen was 
produced. 
Meiosis in both lines is normal with tetrads of microspores formed. 
Microspores are released and develop a normal exine, intine, and germ 
pore in both lines, with the sterile exine being reticulate and the 
normal exine smooth. The authors indicate that the weak staining pro­
perty of the tapetal cells suggests a deficiency in one or more substances 
vital for normal tapetal development. They suggest that the higher 
incidence of endomitosis and persistence in the sterile tapetum may 
in turn cause a failure in the supply of nutritive substances necessary 
for normal pollen ontpgeny. 
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In an extensive study of the tapeturn in fertile, restorer, and sterile 
lines of Sorghum vulgare, (Table 5) Brooks, Brooks, and Chien (1966) des­
cribed a radially enlarged tapetum in sterile anthers associated with 
microspore abortion. In five fertile lines and one restorer line, the 
tapetum decreased in radial extent after meiosis I. At the engorged 
pollen stage, 78 percent of the fertile anthers and 88 percent of the 
restorer anthers had a narrow tapetum measuring 4-16 jum wide. In the 
five sterile lines (Table 6), an enlargement of the tapetum occurred at 
the vacuolate microspore stage, the time of abortion. At this point, 
68 percent of the sterile anthers had a tapetum that measured less than 
16 pm wide. The remaining 32 percent had a well-developed or enlarged 
tapetum measuring over 28 jim in width. The tapetum of the sterile anthers 
showed a marked variation in width and morphology that was not observed 
in fertile lines. They associated the enlarged tapetum of the sterile 
anthers with degeneration of the microspores. 
Alam and Sandal (1967) conducted cytohistological investigations 
of pollen abortion in CMS and N hybrids of Sorghum vulgare var. 
sundanense and CMS Sorghum arundinaceum var Rhodesian, (Table 5). 
Their studies showed that in all lines anther morphology as well as 
tapetal and microspore ontogeny is normal during meiosis. During 
microspore maturation the tapetal cells of normal anthers degenerated 
in contrast to the more persistent tapetal cells and subsequent micro­
spore abortion in the male sterile lines (Table 6). They concluded that 
the persistent tapetum of the post-meiotic stages of the steriles is 
associated with the production of nonfunctional pollen. 
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Narkhede, Phadnîs, and Thombre (1968) examined four fertile lines 
and two male sterile lines and their restorers of Sorghum vulgare. 
The tapeturn in both sterile lines (Table 6) was often binucleate and 
generally displayed normal development. Some abnormalities occurred 
during meiosis in both sterile and fertile lines, appearing as differential 
staining of pachytene chromosomes with regions close to the centromere 
being more densely stained. In one sterile line, microspore degeneration 
occurred prior to mitosis I and in the other line some pollen grains 
degenerated in the binucleate condition. The tapetum of sterile anthers 
is shriveled at these times. They concluded that the lack of nourish­
ment from the degenerate tapetum accounts for microspore or pollen 
abortion. Time differences in microspore degeneration of the sterile 
lines is attributed to the prolonged development of one line that was 
not yet cytologically or genetically stabilized. Further evidence to 
support this hypothesis is provided by meiotic abnormalities noted in 
the sterile lines. 
Raj (1968) compared the developing tapetum and microspores in four 
CMS and N lines of sorghum, (Table 5). In addition, three semi-sterile 
hybrids were investigated. The tapetum in normal plants was secretory 
while in sterile lines it was plasmodial. The tapetum in the male-sterile 
(MS) lines (Table 6) consisted of a single layer of dense uni-or binucleate 
cell. The tapetum remained cellular until the completion of meiosis I 
of the microspore mother cells (MMC). The degeneration of the tapetum 
is distinctly cellular until the dyad stage, when progressive dissolu­
tion of the tangential wall occurs. At the onset of tetrad formation 
the tangential tapetal walls are completely crushed, leaving darkly 
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stained remnants with a faintly visible nucleus. The microspores fail 
to separate from the tetrad and future development is arrested. As the 
microspores degenerate they form a blackened mass at the center of the 
locule. The tapetal cells in the semisterile hybrids enlarge radially, 
become vacuolate, and have enlarged nuclei. These hypertrophied cells 
appear tightly appressed toward one side of the locule or surround the 
sporogenous mass, occluding the locule. 
Zea. In an early investigation of Zea mays, Rhoades (1933) 
observed numerous sterile plants that shed some functional pollen. He 
noted a marked difference between plastids (" . . . cytoplasmic 
elements . . .") of sterile and fertile plants, and attributed sterility 
to causal agents which produce changes in the plastids causing micro­
spore abnormalities and degeneration prior to mitosis I. This hypothesis 
is further supported in that the plastids in root tips from sterile and 
fertile plants have the same appearance. In the completely male-sterile 
plants the microspore walls collapse after the cytoplasm has degenerated, 
forming a mass of disorganized tissue in the locule. 
Gabelman (1949) observed normal meiosis in the MMC of sterile Zea 
mays with microsporogenesis proceeding normally until the late micro­
spore or early pollen stage, at which time abortion occurs. Rogers 
and Edwardson (1952) also noted normal meiosis in fertile and sterile 
anthers of Zea mays, with normal microspore development in sterile 
lines up to and often including the binucleate pollen stage. The 
failure of binucleate pollen of sterile anthers to discharge at 
anthesis was attributed to a failure of starch storage in the micro­
spore following meiosis. 
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Cytological studies of tapeturn and microspore ontogeny were 
conducted by Chang (1954) on both fertile and sterile lines of Zea 
mays. Meiosis is normal in sterile anthers with the cytoplasm appearing 
vacuolate and "reticulate." The first sign of degeneration in sterile 
anthers is detected in the relative size of MMCs, which are considerably 
smaller than normal MMCs, Shortly after release from the tetrad, sterile 
microspores show signs of degeneration, with the cytoplasm shrinking 
from the wall, an increase in exine thickness, formation of the pore, 
and final decrease in cytoplasm until only remnants remain. Growth of 
the sterile microspore terminates at the late uninucleate stage and at 
anthesis the microspores lack contents. 
The tapetum of the CMS anther is thicker and its endomitosis may be 
highly significant. The tapetum dissociates from the parietal layers 
and forms free secretory cells. Tapetal cell disorganization in both 
sterile and fertile anthers is marked by elongation of tapetal cell 
nuclei or their contraction, wall breakdown, and discharge of tapetal 
protoplasts into the locule. The sterile tapetum persists longer than 
the normal tapetum, but late in development it degenerates rapidly 
and only remnants remain at anthesis. 
The author concluded that microspore degeneration is caused by 
"starvation," in which the spore contents hypertrophy because they 
failed to accumulate sufficient carbohydrates. He also concluded that 
a regular supply of DNA or its precursors from tapetal cells is necessary 
for normal microspore meiosis and pollen mitosis. Consequently, the 
endomitotic tapetum followed by nucleic acid competition between the 
MMC and the tapetum is not regarded as a major factor causing abortion. 
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but probably merely reflects a stage in degeneration. 
Jones, Stinson, and Khoo (1957) observed normal meiosis in CMS 
Zea mays. They noted that the first signs of microspore degeneration 
was after callose dissolution, with the development of an abnormal 
wall and germ pore. The sterile microspore at abortion was more vacuolate 
and smaller than the normal microspore with small transparent bodies 
devoid of starch. 
Khoo and Stinson (1957) conducted cytological and amino acid 
studies with CMS (C106 x B158) and normal (C106 x A158) lines of maize. 
No morphological or cytological differences could be detected in the two 
lines up to and including the young microspore stage. The N microspores 
increased greatly in size, developing thick walls and a germ pore. CMS 
microspores, after enlargement, were arrested in development and formed 
a limited cell wall and pore with the cytoplasm granular and shrunken. 
Sterile anthers prior to anthesis were small, papery, and contained 
shriveled, thin-walled microspores devoid of starch. The amino acids 
alanine, asparagine, and glycine were found to increase in sterile lines, 
while proline decreased. Variations in total and individual amino acids 
were thought to be merely a reflection of differences in genotype, 
probably without a causal relationship to pollen sterility. 
The study by Herich (1965) of N and CMS Zea mays showed a nucleolar 
abnormality in the sterile line which he blamed for the suppression of 
pollen mitosis. Meiosis in both lines was normal, with observable 
differences only after microspore release from the tetrad. Sterile 
microspores were smaller and contained less cytoplasm than normal 
microspores. Normal microspores contained a single large nucleolus 
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while sterile microspores contained 2-6 nucleoli. He concluded that 
nucleolar organizers have an active role in forming nucleoli. In 
CMS microspores the division of the nucleolus into several discrete 
units indicates that nucleolar differentiation has slipped out of 
control of the nucleolar organizer, leading to degeneration of the 
nucleolus. 
Several studies of CMS Zea mays have reported differences in the 
events prior to and at the time of abortion. Diaconu (1965) observed 
pollen degeneration during late microspore development or at the 
binucleate stage. In sterile forms the tapetum remained intact up until 
the time of pollen abortion. Spasojevic (1966) noted that the first 
cytological evidence of pollen abortion was during meiosis II. At this 
stage a slight stickiness of the chromosomes was evident and cells 
appeared irregular and elongate with pale cytoplasm. Early microspores 
appeared much the same with numerous globular inclusions. The cytoplasm 
separated early from the cell wall and shrank around the nucleus. 
Orel (1967) conducted investigations of M-type and T-type CMS in 
maize. After release from tetrads, the young microspores with M-type 
cytoplasm generally degenerated. In sterile plants with T-type cyto­
plasm, the microspores degenerated later in development. Every tetrad 
of microspores contained two sterile and two fertile microspores. 
Turbin et al. (1969) investigated cytologically anthers of CMS 
lines of maize. The most profound differences in microspore degeneration 
between the two lines occurred prior to tetrad formation. Fertile anthers 
had large MMCs and were loosely arranged in the locule with intensely 
stained nuclei. In sterile anthers the MMCs were irregularly shaped, the 
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nucleoli were smaller, and the nuclei stained less intensely. Early 
microspores of both lines were vacuolate with the cytoplasm viscous and 
"flalqr," but the vacuoles of CMS microspores did not fuse. In sterile 
microspores the cytoplasm subsequently became detached from the micro­
spore wall and appeared as a dense mass in the center. 
In sterile anthers meiosis I was normal but meiosis II was delayed, 
resulting in numerous dyads instead of tetrads. After release from 
tetrads, rapid growth of one of the early microspores occurred, and the 
remaining lagged in development or degenerated. In other sterile anthers 
both meiotic divisions were normal and development continued to the bi-
nucleate pollen stage, when abortion occurred. Turbin et al. (1969) 
concluded that the disorganized character and retarded growth of MMCs 
during meiosis is related to changes in the organelles responsible for 
maintaining normal energy level during microsporogenesis. 
Aegilotricum. Fukasawa (1953, 1956) has conducted cytohisto-
logical studies with the amphidiploid Aegilotricum. This intergeneric 
hybrid resulted from the cross of Triticum durum and Aegilops pvata 
cytoplasm. After release from tetrads, microspores show normal wall 
and pore development. Following pore formation the cytoplasm and 
nucleus of some sterile cells hypertrophied and contained 3-4 nuclei 
which finally degenerated. The numerous nuclei in developing micro­
spores was attributed to failure of cytokinesis after meiosis. Some 
microspores showed normal mitosis, but in general the microspores 
degenerated at the first pollen mitosis. He hypothesized that the events 
leading to pollen abortion may be the result of biochemical alteration 
caused by disharmony between wheat genomes and the ovata cytoplasm. 
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Triticum. Savchenko and Lastovych (1965) and Savchenko (1967) 
found CMS in a number of varieties of Triticum durum and soft winter 
wheat. Sterile plants were distinguished by an open florescence, 
underdeveloped anthers, and degenerate pollen. Meiosis was normal in 
sterile forms but the stage of microspore degeneration varied. Early 
cessation of microspore growth was concurrent with a decrease in pollen 
size and germ pore diameter. The degree of microspore degeneration 
was used as a basis for classifying the CMS plants into different ster­
ility types. 
Abortion in CMS hexaploid wheat, Norin 26, having Aegilops ovata 
cytoplasm, was investigated by Chauhan and Singh (1966). Microspore 
abortion occurred between tetrad and early microspore stages. They 
attributed abortion to: 1) disorganization of the tapeturn during 
premeiosis, 2) association of microspore degeneration with delayed 
tapeturn degeneration, or 3) association of microspore degeneration with 
a tapetal Plasmodium. Tapetal behavior was slightly different in 
anthers of each of the three flowers in the spikelet. The tapeturn of 
the central flower degenerated in the sporogenous mass stage and was 
reabsorbed, leaving the anther locule empty, except for the epidermis. 
In one of the lateral flowers the tapeturn increased in size and remained 
intact. After the microspore wall formed the tapeturn became completely 
reabsorbed. Anthers in the remaining lateral flower had a tapetal 
Plasmodium before meiosis, which intermingled with MMCs, that show 
signs of degeneration. All that remained of the anthers at the time of 
microspore abortion was the epidermis, endothecium, and a degenerated 
mass composed of a tapetal Plasmodium and aborted microspores. 
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In locules of lateral flowers, the exine forms after release of 
microspores from the tetrads and coincides with tapetal degeneration. 
Developing microspores are generally devoid of cytoplasm, nuclei, and 
a germ pore. They concluded that the three different types of 
sterility result from an improper nourishment of the sporogenous mass 
or microspores due to abnormal behavior of the tapeturn. They also 
suggested that exine differentiation is dependent upon certain sub­
stances provided by the degenerate tapeturn. 
Joppa, McNeal, and Walsh (1966) compared normal and sterile lines 
of Triticum aestivum. Following tapetum mitosis, starch began to 
disappear in both lines, but more slowly in CMS anthers. At anthesis, 
tapetal cells of N lines had hypertrophied until only a thin residue 
lined the anther locule. The CMS tapetum persisted until anthesis. 
They indicated that decreased starch production by the tapetum and 
lack of starch storage by the developing microspores may be a direct 
cause of abortion. 
A sterile hybrid of Triticum timopheevi and Aegilops ovata 
cytoplasm was investigated by Wilson (1968). He noted that meiosis 
and microspore mitosis were normal, with abortion at the binucleate 
pollen stage* He hypothesized that degeneration begins prior to 
meiosis because the presence of certain metabolic substances, or their 
absence in the plant, prevents the transfer of energy compounds to 
the anther, 
Fedorova and Nettevich (1969) studied microsporogenesis in CMS 
varieties of Triticum sp. with cytoplasm of T. timopheevi, T. zhikouskyi, 
and T. timonovum. Meiosis in CMS lines was normal, with minor observable 
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cytoplasmic changes. Microspore degeneration began between microspore 
and pollen mitosis. It was noted that if the moisture content of a 
CMS plant was increased along with a moderate rise in temperature, 
pollen degeneration was delayed beyond pollen mitosis and sperm 
nuclei were observed. The stage of microspore degeneration in steriles 
seemed dependent on the genotype of the particular variety or line. 
An electron microscope (EM) study of developing microspores of 
CMS and N Triticum aestivum was done by DeVries and le (1970). There 
appeared to be no distinct differences in tapetal ontogeny between 
the lines during microsporogenesis. Tapetal cells in sterile lines 
contained conspicuous bodies of two types, but not consistently enough 
to associate them with male sterility. One such body was dark and 
perhaps lipid in nature. The second body was a plastid-like organelle 
filled with smaller droplets of lipid material. Both of these organelles 
were found less frequently in sterile material. 
Microspores of sterile lines were lobed and developed a normal 
cell wall with a germ pore, but had a reduced number of organelles 
and were devoid of starch. These microspores showed little physiological 
activity and were subject to rapid degeneration. The intine of sterile 
microspores was thinner than normal pollen and was attributed to a lack 
of starch in the cytoplasm. Exine formation in both lines appeared 
normal and was not influenced by sterility factors. 
Dactylis. Cytological and histological studies with sterile 
and fertile clones of orchardgrass, Dactylis glomerata, were conducted 
by Filion and Christie (1966). Tapeturn and microspore ontogeny were 
observed in both lines up to anthesis. Normal meiosis was observed in 
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both lines with some degeneration of sporogenous tissue at the onset 
of meiosis. During meiosis the normal tapeturn elongated and degenerated 
slowly, but in CMS anthers the tapeturn degenerated more rapidly along 
with the microspores. Generally, microspore abortion of sterile lines 
occurs after release from the tetrad. At anthesis the tapeturn of the 
sterile line was only a remnant, with no sign of pollen. They con­
cluded that the sterile tapeturn does not nourish the premeiotic sporo­
genous tissue. This initiated degeneration in MMCs before meiosis is 
complete, as well as reducing the number of tetrads and microspores 
produced in the sterile anthers. 
Hordeum. Schooler (1967) studied the morphology and cytology 
of anthers of male fertile and male sterile amphidiploids of barley 
(Hordeum sp.). Anthers of sterile plants were smaller than normal 
anthers, appeared white, and had a tough leathery covering which 
persisted after anthesis. The tapeturn of the sterile anther was 
consistently thicker and less fragile than in the normal anther. 
Microspores of sterile anthers failed to mature into viable pollen. 
He speculated about, but did not prove, that the nutrititive tapetal 
layer necessary for normal microspore ontogeny was not reabsorbed, 
either because of tapetal inefficiency or a reduced number of MMCs, 
causing microspores to degenerate. 
Pennisetum and Lolium. Cytological observations have been 
conducted with CMS Pennisetum typhoïdes by Singh and Shama (1963) 
and with Lolium multiflorum by Nitsche (1971). The tapetal cells 
of sterile anthers in both species persisted and remained intact after 
microspore abortion, but in fertile anthers the tapeturn disappeared 
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before pollen formation, CMS microspores in Pennisetum appeared 
abnormal early in their ontogeny and in Lolium they degenerated after 
normal meiosis. 
Allium. According to Jones and Mann (1963), Monosmith (1928) 
examined anthers of male sterile onions (Allium cepa), noting that 
normal meiosis was followed by microspore degeneration. Prior to 
microspore degeneration tapetal cells located centrally in the locule 
exhibited hypertrophy and abnormal degeneration. Contents of the 
locule coalesced and remained within the anthers at anthesis. Degen­
eration of the tapeturn was immediately followed by microspore abortion. 
Tatebe (1957) also conducted cytological studies on pollen degeneration 
in male sterile onions and his observations concurred with those of 
Monosmith (1928). 
Nishi and Hiraoka (1958) investigated anthers of male sterile and 
fertile lines of the Welsh onion (Allium fistulosum). Sterile anthers 
were severely reduced in size and frequently did not dehisce. Enlarged 
tapetal cells become vacuolate and appress the tetrads. The degenerative 
tapeturn exhibits characteristics of a periplasmodial type, however, this 
appears late in the degenerative process. Microspore abortion is 
attributed to an enlarging tapetum after callose dissolution or an im­
balance between the degenerate tapetum and the developing microspores. 
Virnich (1967) studied normal and sterile anthers of Allium cepa 
during microsporogenesis, and noted normal microspore development in 
sterile plants up to the tetrad, followed by microspore degeneration. 
The sterile tapetum remains intact longer in normals and begins degen­
eration after reabsorption of the microspore protoplasts. The cause 
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of microspore abortion is presumably based upon a sporophytic 
disturbance and is not because of nutritional disturbances resulting 
from defective tapetal secretions or retardation of vital tapetal func­
tions, but results from the failure of microspores to absorb the 
available nutrients. 
Dicot taxa. Studies of a few dicot species that have given 
accurate descriptions of cytological events of microsporogenesis and 
related tapetal behavior in CMS lines deserve comment. These include 
observations of the plasmodial tape turn and its role in the degenerative 
microspore in Beta and Daucus and the role of abnormal tapetal behavior 
as the cause of abortion in Cucumis. 
Artschwager (1947), with Beta vulgaris and Zenkteler (1962), with 
Daucus carota, observed a plasmodial tapetum and commented on its role 
in delaying microspore degeneration. In sterile lines of Beta, micro­
spore abortion is associated with either a periplasmodium (plasmodial) 
or a secretory tapetum; each tapetal type is associated with different 
sterility behavior. Both kinds of tapetum may occur within a flower 
cluster but not within a single flower. The presence of a plasmodial 
tapetum somewhat delays microspore abortion, but where there is a secre­
tory tapetum, the tapetal cells enlarge toward the locule center, appress-
ing the microspore tetrads and causing abortion sooner than in the plas­
modial type. The microspores degenerate at the tetrad stage, sometimes 
even beginning late in meiosis. The plasmodial tapetum becomes separated 
from the parietal layer, surrounds and separates the tetrads, and after 
callose dissolution the microspores begin to degenerate. The plasmodial 
tape turn with its associated delayed microspore abortion, was also observed 
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in Daucus » Both Artschwager and ZenkteLer concluded that the progressive 
degeneration of nuclei and cytoplasm in the plasmodial tapeturn is identical 
to that observed in the tapetum of normal plants. They found it difficult 
to ascribe to the plasmodial tapetum any harmful influence on the develop­
ing and ultimately aborting microspores, except a noticeable delay in the 
abortive process. 
Chauhan and Singh (1968), working with Cucumis melo pollen abortion, 
reported an increase in acid phosphatase activity in normal anthers until 
the tetrad stage, after which this activity decreased, with tapetal de­
generation later in microspore development. In sterile anthers, acid 
phosphatase activity was always low, and the tapetum persisted, swelled, 
and finally crushed the microspores. The tapetal nuclei of normal anthers 
stained intensively with the Feulgen reaction until the pollen mother cell 
stage, after which staining became progressively weaker until tapetal 
collapse. In sterile anthers, the Feulgen reaction was intense even after 
tetrads formed, decreasing later in microspore development. 
These observations form the basis for their theory of tapetal function 
and its role in abortion. In normal anthers, the tapetum receives food 
material of some kind from elsewhere in the plant and transfers it to the 
young microspores. It also passes Feulgen-positive substances to the 
microspore mother cells at about the time of meiosis. In sterile anthers, 
the tapetum has a low level of metabolic activity, as indicated by low 
acid phosphatase levels, and it fails to pass the Feulgen-positive 
material to the sporogenous cells at the critical time. They conclude 
that tapetal cells receive very little food from elsewhere and, as a 
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consequence, . take to haustorial activity in search of nutrition," 
This predatory activity is directed toward the microspore, which collapse 
as a result. The presence of tapetal haustorial activity as a result 
of the failure of this cell layer to obtain proper nutritive balances has 
not been observed by any other investigator of CMS plant taxa reviewed 
in Table 1, Their histochemical evidence must be accepted with some 
reservation, partly because they did not reveal their method, A very 
careful study of Moss (1967) and Moss and Heslop-Harrison (1968) using quanti­
tative microdensitometry, failed to clearly show that anything is trans­
ferred from the tapetum to the developing microspore in Zea mays. 
Causes of Cytoplasmic Male Sterility 
There have been many proposed causes of cytoplasmic male sterility 
and therefore probably causes of microspore or pollen abortion. Those 
which are reviewed here include induction of CMS by chemicals and radia­
tion, environmental influences, aberrant behavior of the tapetum, degen­
eration of stamen vasculature, mistiming of callose dissolution, and 
viruses. The literature in these areas is too voluminous to allow an 
extensive review here; some representative studies that include anther 
cytology, however, are mentioned. 
Chemical-induced CMS 
Erichsen and Ross (1963) studied microsporogenesis in colchicine-
induced male-sterile mutants and normal lines of Sorghum vulgare. The 
MMCs of fertile anthers undergo noirmal meiosis, but abnormal MMCs in 
sterile anthers are joined to the tapetal cells by numerous cytoplasmic 
strands. These strands are thought to influence nutrient movement from 
the tapetum to the MMC, resulting in the failure of MMC primary-wall 
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degeneration during meiotic prophase. The tapeturn of sterile plants per­
sists longer than in normal plants. They concluded that mutant tapetal 
behavior is similar to that in regular CMS lines and that the induced mu­
tation for sterility has a mechanism similar to that commonly used in the 
production of hybrid sorghum. 
Kaul and Singh (1967), investigating Allium cepa and Dubey and Singh 
(1969), investigating Coriandrum sativum, studied pollen abortion with 
varying concentrations of sodium 2, 3-dichloroisobutyrate (Mendok) and 
maleic hydrazide (MH). None of the treatments with Mendok caused complete 
pollen sterility, but concentrations of MH at and above 0.01 percent 
caused 100 percent sterility in both species. MH also produced abnormal 
tapetal behavior in Coriandrum. In untreated N and CMS lines of Coriandrum, 
the tapeturn degenerated after meiosis, and abortion occurred shortly after 
microspore release from the tetrad. In MH-treated Coriandrum plants, the 
tapeturn elongated and persisted until the vacuolate microspore stage. It 
was thought that, in Allium, MH interferred with pollen formation by caus­
ing premature degeneration of sporogenous tissue of MMCs, and that in 
Coriandrum, microspore abortion of induced male steriles was attributed to 
". .lack of change of nuclear size and unusual elongation of cells of the 
tapetum." 
Radiation-induced CMS 
Kinoshita and Takahashi (1966) and Kinoshita and Nagao (1968) inves­
tigated pollen sterility in Beta vulgaris induced by gamma irradiation. 
They obtained complete as well as partly male-sterile plants from irradia­
ted seeds (dosages of 50-200 kr), with sterility maintained in the first 
generation after irradiation. Tapetal abnormalities were always associated 
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with pollen abortion. They suggested that male sterility is controlled 
by a mutation of a cytoplasmic factor converting normal into sterile 
cytoplasm. 
Environmental-induced CMS 
There have been numerous studies attempting to correlate the 
influence of various environmental factors with the endogenous factors 
thought to regulate anther development, thereby inducing male sterility. 
In an early study of Sorghum, Stephens (1937) observed subtle influences 
of light and temperature in producing withered, sterile anthers in 
otherwise normal flowers, resulting in changes in the time of anthesis 
and pollination. Heslop-Harrison (1957) has reviewed extensively work 
done previously on the experimental modification of sex expression, 
including male sterility, in angiosperms. Peterson (1958) noted that, 
in CMS Capsicum, sterility is accentuated at temperatures above that of 
normal seasonal growth. On the other hand, Kidd (1961) observed that 
an increase in male fertility in CMS plants of field sorghum containing 
milo cytoplasm was associated with high temperatures. Low temperatures 
(daily highs of 50° F or less) during flowering markedly reduced pollen 
fertility. 
Anashchenko (1969) observed a cytoplasmic form of male sterility 
in sunflower (Helianthus sp.). The expression of this type of pollen 
sterility was brought about by changes in air temperature, relative 
humidity and other gross meterological changes. 
Certain environmental conditions seem to act on some internal 
system by either promoting or inhibiting an auxin-like substance that, 
in turn, influences pollen formation and breakdown of the tapetum. 
Heslop-Harrison and Heslop-Harrison (1958) made cytological observations 
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of Silene pendula anthers with long-day and auxin-induced sterility, 
noting that failure to produce normal pollen resulted from early 
tapeturn degeneration with subsequent failure of normal transfer of 
materials to the microspore. During normal pollen development, the 
tapeturn usually enlarges, pollen becomes engorged, and the tapeturn 
subsequently degenerates, but in sterile microspores there is an inverse 
correlation between density of microspore contents and the bulk of tape-
tal residue. Under long-day conditions, most microspores become fully 
enlarged and highly vacuolate, with the nucleus appressed to the wall; 
the tapetal cells form a densely staining sheath around the locule. 
Some microspores abort before enlargement, but most abort at anthesis. 
The aberrations of microsporogenesis resulting from long-day exposure 
for several days seem to arise from early degeneration of the tapeturn. 
These effects can be simulated by auxin treatment. Abnormally high 
concentrations of auxin were noted in plants exposed to long photo-
periods. This supports the view that the influence of photoperiod on 
sex expression is exerted through native auxin metabolism in the plant,. 
The influence of photoperiod on pollen sterility in Zea mays was 
shown by Moss and Heslop-Harrison (1968); all floral abnormalities 
produced by plants grown in 8-hour days could be negated by a night 
interruption at low light intensities. Most cytological failures in 
plants exposed to short days occurred late in meiosis and were associated 
with observable tapetal abnormalities. They do not consider that all 
pollen sterility is related to tapetal malfunction, the abnormality may 
appear early, even at the sporogenous mass stage. 
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Aberrant tapetal behavior 
This layer often has been implicated as the direct or indirect 
cause of mmG» microspore, or pollen abortion. According to much of the 
CMS literature, the tapeturn is critical in the abortive process because 
of its presumed nutritive function during microsporogenesis. Vasil 
(1967), in a review of anther development, noted that abnormal tapetal 
behavior caused by factors such as light, heat, drought, and carbohydrate 
or mineral deficiency is invariably followed by a failure of pollen 
development. It was suggested from this review that there was evidence 
that tapetal cell degradation products, particularly deoxyribosides, 
are the main pool for DNA synthesis in normal MMCs and microspores. 
In their studies with CMS Sorghum, Brooks, Brooks, and Chien (1966), 
Alam and Sandal (1964, 1967), and Narkhede, Phadnis, and Thombre (1968) 
all concluded that a nonfunctional tapeturn was the cause of abnormal 
microspore development and subsequent abortion. In Triticum, Chauhan 
and Singh (1966), Joppa, McNeal, and Walsh (1966), and Heyne and Livers 
(1968) felt that degeneration of the tapeturn and its subsequent lack 
of starch storage was a direct cause of microspore abortion. In 
Dactylis, Filion and Christie (1966) concluded that the tapeturn failed 
to nourish the sporogenous tissue, thus initiating MMC degeneration. 
Schooler (1967) concluded that, in CMS Hordeum, the nutritive tapeturn 
remains intact longer than in N anthers, but that the reason for 
failure of tapetal breakdown was not known. In Allium fistulosum, 
Nishi and Hiraoka (1958) concluded that microspore abortion is 
attributed to abnormal tapetal disentegration. 
Investigators also have regarded the tapetum as a direct cause of 
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microspore degradation in several dicot species. Kinoshita and Nagao 
(1968) attributed male sterility in Beta to a disturbance of nutrient 
transfer from the degenerating tapetum to the developing microspores. 
Degradation of the tapetum has been implicated as a direct cause of 
pollen abortion by Skalinska (1931), in Aquilegia, Dubey (1970), in 
Tabernaemontana, and by Novak and Betlach (1970) in Capsicum. The 
effect of some type of abnormal tapetal disintegration or some imbalance 
during the process of tapetal degradation is reportedly responsible 
for terminating microspore growth in Brassica. Raphanus, and Lycopersicon 
(Nishi and Hiraoka, 1958). 
Cytological investigations of CMS anthers by Chang (1954) in Zea, 
Rohrbach (1965) in Beta, and Virnich (1967) in Allium have all concluded 
that the hypertrophy of the tapetum can be excluded as a possible factor 
causing microspore sterility and can be thought of as a stage in the 
degenerative process. The investigations of Artschwager (1947) and 
Nagao and Kinoshita (1962) with Beta, and Thompson (1960) and Zenkteler 
(1962) with Daucus carota showed the presence of the plasmodial tapetum 
as a direct cause of delaying microspore abortion but not of the micro­
spore abortive process. 
Degeneration of stamen vasculature 
Several studies of anther anatomy and morphology have implicated 
structural changes in the stamen filament, primarily in its vascular 
bundle, as a plausible explanation of microspore abortion in CMS plants. 
Anderson (1963) noted that microspore abortion was accompanied by a 
reduction in anther size and a lengthening of the filament in Lycopersicon. 
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Comparisons of normal and CMS Beta by Rohrbach (1965) showed that 
filaments of normal stamens possessed elongated cells with large 
amounts of cytoplasm, and that cells in filaments of sterile stamens 
were short, broad and contained little cytoplasm. He hypothesized 
that pollen abortion resulted from nutritional imbalances caused by 
malfunction of the vascular tissue of the stamen. 
Joppa, McNeal, and Walsh (1966), working with Triticum, and Alam 
and Sandal (1967), with sudangrass (Sorghum), investigated pollen and 
anther development in CMS and N plants. They reported that stamens of 
sterile lines had poorly differentiated vascular bundles, and that 
normal stamen vasculature was well differentiated, with both xylem and 
phloem elements. They concluded that decreased starch accumulation in 
the tapetum and the lack of starch storage in maturing microspores 
might be explained by reduced solute transport in stamens of sterile 
plants. 
Mistiming of callose dissolution 
A recent paper (izhar and Frankel, 1971) presents evidence that 
faulty timing of enzymatic digestion of callose is a primary factor in 
MMC and microspore abortion in three male-sterile lines (2 CMS and one 
genie MS) of Petunia hybrida. After establishing that in vitro activity 
of callase is optimum at about pH 5.0 and inactive above pH 6.3, they 
measured in vivo pH at different stages of microsporogenesis and found 
that; In the normal, fertile anthers pH is about 7.0 until late tetrad 
stage, when it drops to around 6.0, followed by callose dissolution. 
In the Rosy Morn CMS line, pH always remained low, MMC callose is digested 
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early, and abortion occurred early. In the RM genie MS line pH 
remained high and no callose was dissolved, the microspores therefore 
aborting while still in tetrads* The partially restored CMS line 
showed callose activity delayed until very late tetrad stage, and 
abortion occurred at the early microspore stage. This study supports 
earlier work by Frankel, Izhar, and Nitsan (1969) on CMS Petunia 
callase activity and offers a new insight into the cause of abortion. 
Viruses 
Viruses and their transmission have been reviewed extensively in 
connection with cytoplasmic inheritance and CMS in numerous plant 
species. Grafting experiments to show viral transmission as a cause 
of CMS and subsequent abortion are numerous and have yielded varying 
results. Comprehensive experimental investigations by Frankel (1956, 
1962) and Edwardson and Corbett(1961) have confirmed that graft-induced 
transmission of viruses conditioning CMS in Petunia is possible. Studies 
in Humulus (Cech and Pozdena, 1962) and in Beta vulgaris (Curtis, 1967) 
also demonstrated graft transmissibility of male sterility between CMS 
and N plants when reciprocally grafted, but only certain plants under 
environmental conditions exhibited positive transmission. 
Numerous experimental studies with varied plant species have 
demonstrated that CMS is not graft transmissable. These include 
Nicotiana (Sand, 1960), Capsicum (Ohta, 1961), Zea (Duvick, 1965), Beta 
(Cleij, 1967), Crotalaria (Edwardson, 1967), Triticum (Zeven, 1967), 
Petunia (Marrewijk, 1970), and Allium (vander Meer and van Bennekom, 
1970). They generally conclude that the transmission of CMS through 
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a graft union with fertile individuals is neither easily repeated nor 
is it a general phenomenon in plants. 
Atanasoff (1971) reviewed numerous studies on viral transmission as 
the cause of pollen sterility in plants. He also included some original 
investigations, concluding that viral infections were the sole cause of 
sterility in species of Triticum and Helianthus. He maintains that 
cytoplasmic inheritance and infection genes are a biological impossibility. 
He further postulates that viral infection symptoms often can be over­
looked by the novice and that male sterility is not always characterized 
by gross morphological defects in the anthers and pollen. He also sus­
pects that faulty techniques and a lack of general understanding of viral 
infections has resulted in much of the negative results in grafting ex­
periments. His own results, however do not give convincing proof in 
support of the viral nature of male sterility. 
No viruses or virus-like inclusions have been shown in CMS anthers, 
Edwardson (1962) did show electron micrographs of CMS corn root tip cells 
with inclusions in "dense cytoplasmic areas." Neither the inclusions nor 
the dense cytoplasm were seen in. root-tip cells of the normal plants. 
Similar inclusions were seen in tapetal cells of CMS and maintainer 
lines. Tapetal cells of sterile plants contained inclusions of about 
58-64 jum in diameter; tapetal cells of normal plants contained similar 
but smaller inclusions, about 46-52 ;um in diameter, which were always 
enclosed by membranes. In most cases the inclusions of sterile plants 
were not enclosed in membranes. He did not believe that inclusions could 
be viruses, because "... it seems improbably that only the male-sterile 
root tips would be virus-infected." 
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MATERIALS AND METHODS 
Source and Type of Plant Materials 
Anthers were dissected from field- and growth-chamber grown CMS 
Combine Kafir 60 (Texas A3197) and N Combine Kafir 60 (Texas B3197) 
Sorghum bicolor (L. ) Moench and separated by length into 8 and 9 groups 
respectively corresponding to developmental stages (Fig, 2), Caryopses 
and field plantings were provided by Dr. R. E. Atkins of the Department 
of Agronomy, Iowa State University, Ames. Field material was grown 
at the Curtiss Agricultural Farm at Iowa State University and material 
was collected from mid-July to mid-August of 1969, 1970, and 1971. 
Growth chamber material was grown in 8 and 10 inch clay pots in a 
Percival (Model PGW-lOB) growth chamber, duplicating field growth 
conditions as much as possible. This material was collected when needed 
from June 1, 1969 to June 1, 1972, Fertile anthers were used only for 
studies of histochemistry, stamen filament vasculature, and scanning 
electron microscopy (SEM), 
Squash Techniques 
Routine squashes to test for viability were made with both sterile 
and fertile anthers, using iodine-potassium iodide solution and the 
method of Brooks and Brooks (1967), To verify developmental stages, 
sterile anthers or whole florets were routinely fixed in 3:1 alcohol-
acetic acid (Jensen, 1962), and squashes were made using the aceto-
carmine stain technique of Snow (1963) or the aceto-orcein method 
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(Appendix B, Chart 1). 
Clearing Technique 
Wholemount clearings were made with both fresh and FAA fixed 
CMS and N anthers to study the vascular bundle and its distribution 
within the stamen filament. This technique is outlined in Appendix 
B, Chart 2. All developmental stages of both lines were studied and 
preparations were photographed with bright field optics using a 
Leitz Ortholux microscope fitted with an Orthomat camera. 
Paraffin Techniques 
Whole anthers or florets to be sectioned were placed in one of 
several fixatives with adequate results; Craf III and FAA (Sass, 1958) 
proved quite successful. FAA-fixed material to be used for histochemical 
tests were rinsed several times in O.IM phosphate buffer at pH 6.0-7.3 
(Lillie, 1957), depending upon the subsequent tests to be utilized. 
An ethanol/tertiary butyl alcohol (TBA) dehydration series (Jensen, 1962) 
was always used and either Paraplast (56C-57C mp) or Tissuemat (56.5C mp) 
was used for embedding. Sections were cut at 10-12 /im on a rotary 
microtome. 
Sections were mounted on slides with Haupt's adhesive (Johansen, 
1940). For general staining, paraffin was removed with xylene and the 
tissue hydrated in a graded ethanol series. Gray and Pickle's safranin 
(Gray and Pickle, 1956) or Johansen's safranin (Johansen, 1940) were 
used with chlorazol black E-fast green (Horner, Lersten, and Bowen, 
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1966) as counter stains. A flow chart of the paraffin method most 
commonly used is in Appendix B, Chart 3, Callose was identified 
from paraffin sections of anthers by the callose-analine blue-
fluorscence method (Jensen, 1962), Selective staining of necrotic 
tissue using Thionin-orange G (Sadik and Minges, 1964) was carried out 
on paraffin sections of anthers. All preparations, including those in 
the following sections were photographed with bright field or phase 
contrast optics using a Leitz Ortholux microscope fitted with an 
Orthomat camera. 
Plastic Techniques 
To aid fixation, anthers were split longitudinally through the 
connective, or the anther tip was excised. The material was fixed 
12-18 hr at 4C in 4-5% glutaraldehyde (Fisher 50% biological grade) 
buffered at pH 7.0-7.4 by 0.05-0.IM cacodylate or phosphate. Lactose 
(2-6%) was added to some fixations to adjust the tonicity of the 
fixative to that of each developmental stage. After three-20 minute 
buffer rinses, anthers were fixed in 1% OsC^ for 1-2 hours at 4C and 
buffer-rinsed three times, 10 minutes each. After the second buffer 
rinse, a graded series of ethanol and propylene oxide was most often 
used for dehydration. Occasionally a graded series of ethanol and 
acetone (Hayat, 1970) was used. Tissues were embedded in an Araldite-
Epon mixture (Whitmoyer and Horner, 1970) or Epon A-B mixture, (Luft, 
1961). Chart 4 of Appendix B contains further details of the embedding 
methods. 
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Plastic sections approximately 1 |jm thick were cut with a glass 
knife on an LKB III ultramicrotome and placed on a drop of water on a 
standard microslide. The slides were placed on a slide warming tray 
at 50C, and after the sections dried onto the slide, they were stained 
2-3 minutes with Paragon multiple stain (Spurlock, Skinner, and Kattine, 
1966). 
For electron microscopy (EM), the material was thin-sectioned at 
60-70 nm with a Dupont diamond knife on an LKB III ultramicrotome, and 
double stained on formvar coated grids with lead citrate (15 minutes; 
Reynolds, 1963) and 207!, uranyl acetate (20-30 minutes; Stempak and 
Ward, 1964). Observations were made with a Hitachi HU-llC or an RCA-
EMU-3F electron microscope. 
Scanning Electron Microscope (SEM) Techniques 
Normal and CMS split or excised anthers were processed by standard 
EM methods through the ethanol dehydration series. Dehydration in a 
graded series of iso-pentyl acetate (amyl-acetate) and ethanol was 
followed by processing for SEM using the critical point drying method 
of Anderson (1956). The locules were slit longitudinally, spread out 
on a specimen stub coated with nonconductive tape and shadowed from all 
angles coating with 10 nm gold on a Ladd Tilting Variable Speed-rotary 
shadower in a Varian VE-30M vacuum evaporator. The specimens were viewed 
on a Cambridge Stereoscan Mark 2-A electron microscope at the National 
Animal Disease Laboratory, Ames, Iowa, with the help of Dr. Keith Rhoades 
and Mr. Joe Gallagher, 
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His tochemis try 
Light microscope level 
Most tests were done on FAA-fixed and paraffin-embedded material. 
Acid phosphatase and cytochrome oxidase activity were tested using 
fresh whole or excised anthers. The cytochrome oxidase test was 
conducted to determine the presence and location of oxidative phos­
phorylation, but all attempts with this test were unsuccessful and will 
not be reported. Table 7 lists the histochemical tests which were used. 
Those indicated by an asterisk are outlined in Appendix B, Charts 5-10. 
Electron microscope level 
Acid phosphatase activity was also tested at the EM level. This 
test was conducted on whole, split or excised anthers using the modified 
schedule as outlined in Appendix B, Chart 6. 
37 
OBSERVATIONS 
The Anther 
The anthers of CMS and N Sorghum bicolor are similar in morphology 
and anatomy (Figure 3,4) until shortly before microspore abortion. 
Early in anther ontogeny each microsporoangium differentiates into four 
distinct tissues: epidermis, two parietal layers, uniseriate tapeturn, 
and the sporogenous mass (Fig. 80). The latter differentiates into 
microspore mother cells (MMCs). Before abortion occurs, anthers of 
both lines are similar in size at comparable stages of development 
(Fig. 4) and both are white to cream colored. An orange to rusty-brown 
discoloration was often observed in sterile anthers during later stages; 
this pigmentation was not identified and such anthers were discarded. 
A similar types of pigmentation was also noted on the leaves of both 
CMS and N growth-chamber grown plants. 
At the stage of microspore degeneration (Table 6) CMS anthers 
cease growth and begin to shrivel, finally becoming leathery and 
discolored. CMS anthers collected from the same spikelet, before, 
during, and after microspore abortion show various stages of collapse 
(Fig. 5). 
Microsporogenesis was divided into eight stages (Fig. 2). These 
follow the stages outlined by Christensen, Homer and Lersten, (1972), 
except that the vacuolate-engorged pollen stages were omitted since 
CMS microspores typically abort before then. The first stage begins 
after meiosis, when the four sporangial tissues are initiated, and the 
last stage ends when the microspores have degenerated. 
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Microspore Development 
Microspore ontogeny is quite similar in both lines until microspore 
abortion (Christensen, 1972 and Fig, 6-22, 49, 50), Wall development 
in CMS microspores and tapeturn, as summarized in Figure 2 for example, 
is almost identical to the diagram for N wall development (Christensen, 
Horner, and Lersten, 1972), A description of CMS wall development is 
presented, with more attention to observations of cytoplasmic changes. 
Sporogenous mass-microspore mother cell stage 
Tapetal cells and sporogenous cells initially have only a primary 
wall (Fig, 6, 23, 78), Callose (beta-1-3 glucan), is deposited initially 
in the center of the sporogenous mass, then along the radial MMC walls, 
and finally at the MMC-tapetum interface (Fig, 7-11), Callose is 
deposited Incompletely in the latter region at the onset of meiosis 
so that the MMCs are not completely isolated from the tapetum, 
Meiosis I Stage 
At metaphase I callose has formed asymmetrically around each MMC, 
isolating it from surrounding cells, although it is not readily visible 
at the light microscope level during these later stages of meiosis. Cyto­
kinesis is of the successive type (Fig, 1, 13), with cell plate formation 
and subsequent callose deposition occurring only in planes perpendicular 
to that tapetal surface directly in contact with each dyad and tetrad 
(Fig, 13-15), 
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Dyad and tetrad stages 
As the anther enlarges, the dyads (Fig, 13) and tetrads (Fig. 14, 
15) separate from each other. They remain peripheral in the locule, 
with each microspore of the tetrad appressed to the tapeturn (Fig. 14,15) 
but separated from it by a thin callose layer (Fig. 24, 25). A number 
of microspores appear disrupted, possibly due to improper specimen hand­
ling or fixation (Fig. 15). 
Callose and the microspore plasmalemma are contiguous in young 
tetrads (Fig, 25, 26). In older tetrads small islands of primexine 
appear between the callose and the microspore plasmalemma (Fig, 27). 
Primexine deposition continues until each microspore is encompassed 
(Fig, 28), except where the single pore will form» Before microspores 
are released from the tetrads, discrete loci of sporopo1lenin-containing 
bacula occur in the primexine (Fig, 29, 30), The usual organelles occur 
in dyads (Fig, 31) and tetrads (Fig. 32): rough endoplasmic reticulum 
(ER), dictyosomes, plastids, mitochondria, and numerous small vacuoles. 
Early to mid-vacuolate microspore stages 
Callose disappears from around each tetrad but persists in the 
center of the tetrad association, thereby holding the microspores 
together for some time (Fig, 16), Individual microspores, with thin 
immature walls, are eventually released (Fig. 17), Each newly-released 
microspore is surrounded by a slightly thickened primexine, within 
which bacula composed of sporopollenin are evident. 
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Callose has now disappeared completely. After their release 
from the tetrad the microspores continue to increase in size (Fig. 17-
22).  
Each baculum develops similar to the "stubby spear" described 
by Christensen, Horner, and Lersten (1972), with its base within the 
membrane system of the exine (Fig. 33). The shaft of the spear pro­
trudes beyond the primexine and expands into a spearhead above it 
(Fig. 33, arrow). The spearheads of the bacula expand laterally above 
the primexine and eventually adjacent ones unite forming irregular 
bacular mounds (Fig. 34, 35). Small protuberances persist through 
wall maturity (Fig, 36-38, 44, 47). After callose dissolution, the 
primexine becomes stratified into layers of different densities. A 
single thin, darkly stained layer connects the bases of the bacula 
(Fig. 29, 30) and slightly later 3-5 layers are evident (Fig. 33). 
The early vacuolate microspore (Fig. 17), just after callose dissolution, 
has numerous small vacuoles (Fig. 39). 
Late vacuolate microspore stage 
Later in ontogeny (Fig. 20-22), the smaller vacuoles coalesce 
to form one or more larger vacuoles (Fig. 22, 43), and the organelles 
are in the periphery of the microspore closely associated with the 
plasmalemma (Fig. 40-43). 
Sporopollenin continues to accumulate over the entire tectum, making 
the bacular mounds appear less conspicuous. Narrow channels develop 
in the intermound regions, more infrequently in the nexine (Fig. 36, 37). 
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The channels beneath the bacular mounds seem to connect with the 
intermound channels (Fig, 36, 37, arrows). The maturing exine 
consists of a tectum, bacula and nexine, with the tectum much thicker 
than the nexine (Fig, 2, 38). The primexine gradually has disappeared, 
except for remnants, leaving a hollow region, the cavea, between the 
tectum and nexine (Fig, 2, 37, 38), 
The microspore pore 
The single pore of the CMS microspore (Fig, 19 arrow, 47) is 
initiated during the early stagescof exine formation. Only monoporate 
spores were observed except for one biporate microspore, which other­
wise had a normal wall (Fig, 48), 
The earliest stages of pore initiation and development were not 
seen. As the microspore matures (Fig. 18-22), however, the area 
surrounding the pore that will comprise the annulus develops a normal 
primexine, but as sporopollenin deposition begins, several sheets of 
membranes are interposed between the plasmalemma and the nexine. These 
lamellae are oriented parallel to the microspore plasmalemma (Fig. 44). 
Within the pore aperture a similar lamellae occurs beneath the operculum 
and is contiguous with the nexine of the surrounding annulus (Fig, 45), 
As the annulus matures, existing lamellae become thicker and more lamellae 
appear at the pore margin and become sites of sporopollenin accumulation 
(Fig, 45), The development and structure of the operculum parallels that 
of the exine, with bacula, tectum, nexine, channels and cavea (Fig, 46), 
The channels that occur elsewhere in the tectum and nexine are not pre­
sent in the lamellae of the annulus (Fig, 46). 
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A granular zone develops beneath the annulus later in pore 
development (Fig. 45, 46). This zone, which forms between the exine 
and the plasmalemma in the aperture area, is similar to the 
"Zwischenkorper" (interstitial bodies) observed by Rowley (1964) 
in Poa annua. 
Microspore abortion 
Later in microspore development, vacuoles continue to coalesce 
(Fig. 49-51, 55, 57), There is often a separation of the outer tan­
gential tapetum wall from the inner parietal cell layer (Fig. 50). This 
is probably a fixation artifact and, it was not usually observed at 
this developmental stage. The microspore wall is fully developed (Fig. 
57, 64). The microspores are closely appressed to each other and the 
tapetum (Fig. 55, 65, 70). Small fiberlike connections between adjacent 
microspores, covered with a filmy remnant of the mid-locular region, 
were observed (Fig. 65). These fiberlike connections probably result 
from scanning electron microscopy (SEM) processing, reacting with the 
incompletely polymerized microspore wall. The close association of the 
microspores to the tapetum is evident in SEMs where the microspores have 
fallen out of carefully opened locules. In such preparations the inner 
tangential walls of the tapetum show depressions indicating where the 
microspore had previously been appressed (Fig. 65, 66, 70). 
Under growth-chamber conditions the florescence emerges and elong­
ates from the "boot" (sheathing leaf) between 57-62 days after planting. 
Under field conditions this occurs between 60-67 days after planting; 
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microspores at this time are about at the late vacuolate stage. 
Gross indications of microspore abortion are noted 12-24 hours after 
emergence. The first emerging florets usually contained aborted 
anthers, and often had a reddish-brown discoloration on their surface. 
As the inflorescence elongated, successive florets matured basipetally. 
Older florets, not previously exposed, at the late vacuolate microspore 
or aborted stages appeared greenish-yellow and then developed the 
reddish-brown discoloration characteristic of later developing CMS 
and N anthers. 
The aborting microspore remains uninucleate (Fig. 51-56, 106) 
with its protoplast in a periperal position due to increased vacuolation 
(Fig. 54, 57, 71). Light microscope (LM) and EM indications of micro­
spore abortion are the collapse of the cytoplasm and slight collapse of 
the wall (Fig. 51, 57, 62, 66, 67). This usually occurred 12-24 hours 
after the mid-vacuolate microspore stage, but in some specimens it occurred 
12-24 hours after the early vacuolate microspore stage. Microspore 
abortion occurs occasionally at the mid-vacuolate microspore stage as 
evident by the exine pattern at this stage (Fig. 34). As the microspore 
wall continues to collapse, the microspore protoplasm seems granular 
(Fig, 56, 59, 60, 106). At this stage mitochondria are still intact but 
in some the cristae appear disorganized, £R is numerous and occasional 
intact dictyosomes are observed (Fig, 71, 72), A thin layer of the fine 
lamellar substance is clearly evident beneath the nexine (Fig. 72), but 
disappears with the continued degeneration of the protoplast (Fig. 73, 74), 
The microspores near total collapse (Fig, 68) are typically associated 
44 
with shriveled anthers (Fig. 5, far right) and the microspores seem 
to flatten against the orbicular wall of the tapeturn (Fig. 60, 69), 
The cavea of the exine is free of fibrous remnants and some channels are 
evident in the nexine (Fig, 71, 72), As the microspore continues to 
degenerate the exine channels become occluded with sporopollenin 
(Fig, 73). No intine layer like that which forms in vacuolate pollen 
of normal sorghum as described by Christensen, Horner, and Lersten 
(1972), is formed in the CMS microspore. The ground substance of the 
remaining protoplasm becomes totally disrupted at this stage. The 
ER, dictyosomes, and plastids have become totally disorganized; mito­
chondria retain their general shape but show some loss of inteimal 
organization. 
Abortion appears to be complete (Fig. 61, 63) 48-60 hours after the 
"first signs of degeneration. It is at this time that the stamen filament 
elongates, exerting some of the aborted anthers out between the separated 
lemma and palea. Some elongating stamen filaments do not exert the 
shriveled anthers out of the separated floret. The endothecium does not 
develop completely and only a few expanded cells of this cell layer were 
noted, A stomium did not develop, and anthesis was never observed in the 
CMS anthers. The totally aborted microspores have a "deflated basketball" 
appearance (Fig. 63, 69) with a complete disintegration of the protoplast 
and loss of its integrity (Fig. 61, 63, 74)« 
One CMS anther was observed to contain microspores in 2 locules, that 
had undergone microspore mitosis, resulting in a few early vacuolate 
pollen grains with a generative cell (Fig. 75, 76,arrow). This isolated 
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observation does not invalidate the previously described sequence of 
abortion, but it does deserve comment and further study. The pollen 
grains are considered to be at the abortion stage, because of a more 
than slight collapse of their walls (Fig. 75-77) and their resemblance 
at the light level of other aborted specimens (Fig, 52, 58). The 
protoplast, while not vacuolated, contains numerous mitochondria, ER, 
densely stained ribosomes, and dark gray bodies which may be soluble 
substances in transit to the protoplast periphery (Fig. 75). The 
generative cell is surrounded by what appears as a callose wall, 
vacuolated, and Its remaining organelles are darkly stained (Fig, 75). 
The microspore wall (Fig. 75) shows CMS exine development, with no 
intine layer. The tapetum at this stage of development (Fig, 76, 77) 
resembles that of the late vacuolate microspore stage (Fig. 52), with 
its nucleated protoplast tenuous, but the orbicular wall intact. 
It was difficult in later degenerative stages to separate the 
cytological events of microspore abortion from artifacts that might 
result from mechanical damage by improper fixation. However, repeated 
fixations with minor modifications in fixative concentration and tem­
perature show similar results. 
Tapetum Development 
Tapetal cell ontogeny in CMS anthers appeared identical to those 
observations reported by Christensen, Horner, and Lersten (1972) in 
normal anthers. However, additional observations are included of CMS 
tapetal orbicular wall (Fig, 2) and tapetal protoplasm before and 
and after microspore abortion. 
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Sporogenous mass-microspore mother cell stage 
The tapeturn is of the secretory type (Davis, 1966), Each uninu­
cleate tapetal cell is surrounded by a primary wall (Fig, 6, 78, 82, 
89) and contains small vacuoles', plastids, mitochondria, dictyosomes, 
microbodies, ribosomes, and sparse ER, The numerous small vacuoles 
present are often close to the plasmalemma. A membranous tubular system, 
presumably a concentrically arranged ER complex, was often observed in 
tapetal cells at this stage (Fig, 89). Plastids are present, and some 
contain osmiophilic material (Fig. 90), 
Meiosis I stage 
Plasmodesmata continue to connect tapetal cells (Fig, 83, arrow). 
The inner tangential primary wall becomes undulate and disappears 
(Fig, 83), followed by the radial and outer tangential walls. The outer 
tangential wall is often completely separated from the innermost parietal 
cell layer for most of the circumference of the locule (Fig. 79). During 
prophase I the tapetal nucleus divides mitotically to fom binucleate 
tapetal cells (Fig. 12, 80, 84, 91). 
Dyad and tetrad stage 
The inner tangential primary wall is more tenuous at this stage and 
the plasmalemma remains undulate. Granular material, like that found 
between the callose walls of adjacent tetrads, is evident between the 
callose and the partly-dissolved primary walls of the tapetal cells 
(Fig, 24, 25, 85), 
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Pro-orbicules, similar to those described by Horner and Lersten 
(1971) and Christensen, Horner, and Lersten (1972), are evident as 
grayish bodies outside the plasmalemma of the inner tangential and 
radial tapetal cells (Fig. 86) at the early tetrad stage. The tapetal 
nuclei contain one or two nucleoli (Fig. 79, 84, 91), Dictyosomes, 
microbodies, plastids, mitochondria, and a tubular ER system are present 
in the cytoplasm (Fig. 89, 91). The ribosomes are more densely stained 
than previously and the abundant ER clearly shows a granular lumen 
(Fig, 87,92,93), The ER and numerous microbodies are closely associated 
with the plastids in many places (Fig, 84, 91), 
Early-mid-vacuolate microspore stage 
The inner tangential primary wall remains tenuous with only wispy 
fibrous material facing the locule, Sporopollenin, in the form of small 
dark particles, accumulates on the pro-orbicules (Fig, 87, 88), trans­
forming them into orbicules (Homer and Lersten, 1971), These orbicules 
remain in cup-like depressions just outside the plasmalemma (Fig, 88) and 
are often associated with ER that lies just to the inside of the plas­
malemma (Fig, 87, 94), Sporopollenin-like material continues to be de­
posited on the orbicules, thereby developing a sculptured pattern parallel 
to that in the microspore tectum (Fig. 2, 95), Rudimentary channels are 
also present in the thickened orbicules, similar to those of the micro­
spore exine (Fig, 2, 96), ER remains closely associated with the plas­
malemma adjacent to developing orbicules (Fig, 95, 96) and plastids 
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located close to the orbicular wall still retain their integrity 
(Fig. 94, 96). 
Late vacuolate microspore stage 
The radial and outer tangential walls are tenuous and the outer 
tangential wall is almost entirely separated from the inner parietal 
layer (Fig, 101). The radially formed channels in the orbicular 
sporopollenin are well defined at first, but later become partly 
occluded. Larger protuberances form on the orbucular surface toward 
the locule and additional sporopollenin is deposited between the 
orbicules, producing a connecting reticulum (Fig. 97, 98). Brick-like 
spaces lined with a membrane are evident between the base of the orbicule 
and the plasmalemma of the inner tangential surface (Fig. 98, arrows). 
The orbicules become more compact and, along with the reticulum, form 
an orbicular wall (Christensen, Homer, and Lersten, 1972) along the 
inner tangential surface (Fig, 99). The pro-orbicular regions have 
lost their staining properties and appear electron transparent (Fig, 
98-100). 
The ER is mainly in the form of 9. loosely arranged tubular system 
before the completion of the orbicular wall (Fig. 101). Some ER, not of 
the tubular type, is closely associated with the nucleus, some mitochon­
dria, microbodies, and numerous plastids (Fig. 102-104). The plastids 
are more abundant at this stage and display numerous osmiophilic bodies 
(Fig. 103-104). Small vacuoles with intact tonoplasts have coalesced 
into somewhat larger ones which appear scattered within the cell (Fig. 101). 
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In normal sorghum the orbicular wall is restricted to the inner 
tangential surface of the tapeturn (Christensen, Horner, and Lersten, 
1972), In CMS lines, additional wall material was clearly seen on 
the outer tangential walls also, but here orbicles were lacking 
(Fig. 101, 105, arrows). This peritapetal wall appears in its develop­
ment as early as the mid-vacuolate microspore stage (Fig, 105, arrows). 
This additional wall material is not present on the radial walls of the 
tapeturn, and appears to be composed of a dark and light layer (Fig, 63), 
similar to that observed by Dickinson (1970, 1971) in Pinus banksiana. 
Both parietal cell layers remain attached to each other, but the 
outermost layer is almost totally vacuolated and the more elongate cells 
of the inner-most layer have intact protoplasts with a single vacuole 
(Fig, 101), 
Microspore abortion 
The outer tangential and radial walls are almost gone (Fig, 105), 
Sporopollenin continues to accumulate on all surfaces of the orbicules 
and the "orbicular channels" are less distinct. The orbicular wall is 
quite massive and has a layer of fibrillar material beneath it (Fig, 100), 
Flastids are still present (Fig, 100, 110)i The orbicular wall on the 
inner tangential surface of the tapetum is evident at the LM level (Fig, 
50, 51, 106) and remains intact until after total collapse of the 
microspores (Fig, 108, 109), 
Vacuoles continue to coalesce, producing larger ones. The nuclei 
still remain intact (Fig, 62, 105), but as tapetal cytoplasm continues to 
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disorganize, the nuclei often attain a more peripheral position in 
each tapetal cell (Fig, 62, 111). The nuclei occur singly or together, 
toward either tangential wall, or in the middle of the radial wall 
(Fig. 60, 81, 108), The remaining tapetal protoplasm, located peripherally 
within the cell, still has intact organelles such as mitochondria, plas-
tids, and ER (Fig, IU7), As the tapetal cells continue their disinte­
gration, tapetal material is evident in the locule. The orbicular wall 
and its associated fibrillar layer remain intact with remnants of cyto­
plasm evident beneath the orbicular wall (Fig. 107, 109), After total 
microspore collapse (Fig. 61) the wall persists and continues to outline 
the remnants of tapetal cells (Fig. 61, 63, 112, 113), with the orbicules 
firmly interconnected by the reticulum. The peritapetal wall (Fig. 63) 
is still evident at this stage. 
The tapetum (Fig. 51) normally appears intact at the initiation of 
microspore abortion and at partial microspore collapse (Fig. 52). At 
the completely aborted microspore stage (Fig. 61) the tapetum is crushed 
but the orbicular wall remains. Partial microspore abortion (Fig, 52, 
106) is accompanied with larger vacuoles in the tapetum and an increase 
in the radial width of this layer. Variations in the tapetal width from 
the typical sequence of events were occasionally observed in later 
developmental stages. At the mid-vacuolate microspore stage (Fig. 54) 
and the late vacuolate microspore stage (Fig. 55) the tapetum is crushed. 
In another specimen the tapetum at the aborted microspore stage (Fig. 56, 
108) often remained intact. 
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These variations in tapetal width are possibly due to different 
fixatives and embedding materials, FAA-fixed and paraffin-embedded 
locules are shown in Figures 54, 55, while glutaraldehyde-fixed and 
araldite-Epon-embedded material is seen in Figure 56, Differences 
in fixatives cannot always explain these tapetal variations. For 
example, similar fixatives were used in Figures 58, 108, and the more 
degenerate microspore is accompanied by a highly vacuolate, intact 
tapetum. 
Histochemical Observations During Microsporogenesis 
Several histochemical tests were made, comparing normal with CMS 
anthers. Although no major histochemical differences were noted during 
comparable stages of development, the results are reported in Appendix 
Af Tables 8-10 for the following tests: total carbohydrates, nucleic 
acids, and protein. Acid phosphatase and tissue necrosis results are 
also reported. Results of cytochrome oxidase tests are omitted because 
numerous attempts even with several modifications in technique, were 
made without success. 
Carbohydrates 
The periodic acid-Schiff's reaction (PAS) coupled with alpha-
amylase extraction was made to determine total carbohydrate content of 
normal and CMS anthers. The cell walls of the epidermis, parietal 
layers, and the tapetum of both lines all reacted positively with PAS 
(Fig, 114), Starch concentration was greatest in the parietal layers and 
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tapeturn of both lines at comparable stages of development, but less 
abundant in the steriles. Total carbohydrates were more abundant in 
the tapetum and microspores of the normals during the late vacuolate 
microspore stage (Fig. 115), Starch was not present in the MMCs of 
either line until after meiosis II, when it was evident in about the 
same concentration from the early vacuolate microspore stage until the 
late vacuolate microspore stage in both steriles and normals. Normal 
pollen stained intensely with PAS and contained a moderate concentration 
of starch (Fig. 117). The crushed walls of the aborted microspores 
and their protoplast remnants contained no greater concentration of 
starch than at earlier stages (Fig. 116). Total carbohydrates and 
starch were the same in staining intensity in the anthers of both lines 
until CMS microspore abortion or N engorged pollen formation. 
Nucleic acids 
During anther development and microsporogenesis, increased protein 
needs require increased nucleic acid synthesis. Since such synthesis 
could differ between CMS and N lines, attempts were made to determine 
the nucleic acid content of both lines. DNAase and RNAase extractions 
were used with two different nucleic acid stains, methyl green/pyronin 
Y and azure B. The former stain indicated nucleic acids in the anther 
tissue, but was not especially reliable because staining intensity varied 
even in duplicate preparations. 
Azure B staining was satisfactory and quite reliable since staining 
intensity was consistent in repeated preparations. Nucleic acids 
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stained similarly in the epidermis and parietal layers of normals when 
compared to steriles in the early developmental stages (Fig. 118, 119). 
Staining intensity of nucleic acids was generally the same in the tape-
tum, MMCs, and microspores of sterile (Fig. 120) and normal anthers 
during all stages of development. In both CMS and N anthers, controls 
treated with RNAase did not stain (Fig, 121). 
Proteins 
The amount of total proteins was similar in all the tissues of 
the CMS and N anthers during comparable stages of development. Staining 
intensity with mercuric brom-phenol blue was similar in the tapetum of 
CMS anthers when compared to normals (Fig, 122-124). In both CMS and N 
anther controls treated with pepsin did not stain. Protein concentration 
was the same in the sterile aborted microspore stage and the vacuolate 
and engorged pollen stages of normal anthers (Fig. 125, 126). The 
slightly lower amount of stain intensity in any cell layer might have 
resulted from an enlargement of that cell layer, causing a dilution of 
their staining capabilities. 
Acid phosphatase 
Acid phosphatase (AP) is one of a group of hydrolytic enzymes 
associated with protein synthesis and generally with regions of high 
metabolic activity. Because a major factor in the induction of microspore 
abortion in Sorghum may be decreased AP activity in the tapetum, activity 
of this enzyme was compared in both lines. Anthers of CMS and N lines, 
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just before and at meiosis, were selected since it is at this time that 
the sporogenous cells and the surrounding tapeturn are most active 
metabolically. 
The localization of AP at both the LM and EM levels utilized the 
modified Gomori method outlined in Table 7. These methods all involved 
the formation of a metal salt (lead sulfide) for localization of AP, 
which is a black precipitate at pH 5,0-6,0, 
Numerous black particles, presumably lead sulfide, were observed 
at the light level at all stages in both CMS and N anthers. The results 
seemed comparable to previous LM level investigations. The black 
particles were concentrated in the cell walls of the parietal layers 
and tapetal cells, and less concentrated in the MMCs, the microspores 
and protoplasts of all of these cells. An EM study of the same tissue 
was undertaken to observe the possible sites of AP activity at higher 
magnifications, 
Black particles in both lines were concentrated more heavily in 
the cell walls of parietal cells and less on the radial and orbicular 
walls of the tapetal cells (Fig, 127-129), Nuclei of tapetal cells 
usually contained this black precipitate, which was much darker than 
the nucleoli or chromatin (Fig, 127, 128), Such a precipitate was not 
noted in the cytoplasm of the tapetal cells and was scanty in the MMCs 
or microspores of steriles and normals. 
One can hypothesize that the areas of black precipitate are the 
sites of AP activity, since repeated tests using the same technique gave 
similar results at both LM and EM levels. 
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Tissue necrosis 
It has been hypothesized by several investigators, especially in 
Triticum by Joppa, McNeal and Walsh (1966), that hypertrophy of stamens 
in CMS lines during microsporogenesis may cut off nutrients to the 
developing microspores, thus causing their abortion. Thionin-orange G 
necrotic stain was used on paraffin-embedded and sectioned CMS and N 
anthers at all developmental stages to indicate hypertrophy of anther 
tissue. This has been used as a specific stain to indicate necrosis 
in plant tissue by Sadik and Minges (1964). The cell walls should 
stain purple-deep blue and normal tissue yellow-orange, while lignified 
xylem cells and nuclei are greenish-blue and nucleoli are deep blue. 
Suberin, starch grains, and sieve plates should stain purple. 
There was no evidence of tissue hypertrophy at any developmental 
stage in either CMS or N anthers. There did, however, seem to be a 
darkening of the tapetal cells at the time of microspore collapse in 
CMS anthers. Although the aborted microspores have atrophied, they 
stained a pale greenish-blue instead of dark blue or purple. 
The Stamen Filament 
One minor hypothesis about the cause of abortion is that the single 
vascular bundle of the stamen filament atrophies in CMS lines, cutting off 
nutrients to the developing microspores. Previous investigations by Alam 
and Sandal (196?) with sorghum and Rohrbach (1965) with Beta, also con­
cluded that decreased starch production and the lack of starch storage in 
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maturing microspores may result from a reduced flow of solutes into the 
stamens because of some impairment of the vascular bundle. 
To investigate this possibility, stamen vascular bundles in normal 
and sterile lines were compared anatomically at both the LM and EM 
levels. Histochemical studies were also conducted. Although no 
structural differences or hypertrophy of tissue was found in the stamen 
vasculature of steriles (Fig. 130, 132) or normals (Fig. 131, 133) 
at microspore abortion or vacuolate pollen stages, respectively, it 
seemed desirable to also include a brief developmental study of the 
CMS and N stamen bundle. 
Light and EM structural studies 
The vascular bundle. The stamen is composed of a filament and 
anther. The single vascular bundle of the stamen is collateral (Fig. 
130, 131, 135) and located centrally in the filament (Fig. 130, 131, 
144, 146, 147). This bundle, which is equivalent to a minor vein 
that ends blindly in the leaf mesophyll, maintains its central position 
in the anther and terminated near the anther tip (Fig, 144, 145). Pro-
cambium was observed in the CMS floret (Fig. 134) and stamens (Fig. 136, 
137) before the initiation of meiosis I and procambial development was 
acropetal and continuous. Similar development was found in the compar­
able stage of normals. One or two protoxylem vessel elements and 2-4 
protophloem sieve tube members were observed at the light level at this 
time in development. Protophloem precedes the protoxylem in maturation 
with the first differentiated protophloem element evident shortly after the 
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enlargement of the stamen primordlum. Protophloem development is 
acropetal and continuous from the base of the stamen filament. 
The filament bundle was studied during later stages of micro-
sporogenesis in both lines for evidence of hypertrophy. Cross sections 
were made at the proximal part of the anther, where it joins the filament. 
Median longitudinal sections through the connective were also studied. 
The protoxylem vessel elements of both CMS and N stamen filaments 
develop, before the differentiation of the primary anther tissue. The 
protoxylem is discontinuous in the stamen and differentiates both 
acropetally and basipetally in the anther but appears to differentiate 
only acropetally in the filament. At the light level, lignified walls 
of from 1-3 protoxylem vessel elements are present (Fig. 138, 141). 
These vessel elements have numerous xylem parenchyma cells adjacent to 
them, and the vessel elements have secondary thickenings of the helical 
type (Fig. 148). The phloem sieve tube members (STMs) are not as 
evident in their early differentiation at the light microscope level. 
However, at the EM level the STMs are clearly seen to have nacreous 
primary cell walls. Some of the STMs are still differentiating. Plastids 
containing angular crystalline inclusions, presumably lipoproteins, are 
present in the STMs. A few vacuolated phloem parenchyma cells are 
present (Fig, 149). 
The procambial cells during the late vacuolate microspore stage 
continue their development and from 3-8 vessel elements are observed at 
this time in sterile anthers (Fig. 130, 139, 140) and in nonnal anthers 
(Fig. 131, 142, 143). The filament appears to elongate suddenly at this 
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time in steriles and normals at about 0,50 mm and continues to elongate 
through microspore abortion to about 1,25 mm. At the EM level in both 
lines following meiosis, the enucleate vessel elements have relatively 
thickened secondary walls. The well-differentiated STMs are in various 
states of maturity. Numerous plasmodesmata connect STMs to phloem 
parenchyma, STMs to companion cells, and phloem parenchyma to other 
phloem parenchyma cells (Fig. 150, 151), When microspore abortion occurs 
in sterile anthers, there is no obvious collapse of the vascular bundle or 
hypertrophy of filament cells in cross section (Fig. 130, 131) or median 
longitudinal section (Fig, 156, 157), EM observations at the same stage 
of vascular bundle development verifies this lack of structural hyper­
trophy of vessel members, sieve members, or parenchyma cells (Fig, 152-
154), 
When total microspore collapse is observed in steriles (Fig, 69) 
the STMs have quite thickened nacreous cell walls and lumens nearly 
devoid of peripheral cytoplasmic remnants. Both xylem and phloem 
parenchyma cells seem to also lack any signs of hypertrophy or degrada­
tion at this later developmental stage. Their cell walls are thicker, 
fewer plasmodesmata are observed, vacuoles are coalescing, and most 
organelles appear quite intact (Fig, 155), 
The median part of the vascular bundle in both sterile and normal 
anthers was then examined longitudinally at the stage of microspore 
degeneration. The vessel elements in neither line nor their adjacent 
parenchyma cells have atrophied at this late stage. Secondary walls 
have become more lignified, as shown by increased staining intensity 
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(Fig. 156, 160). Both lines have mature, normal sieve elements at 
comparable later stages (Fig, 157, 158, 161, 162), By using aniline 
blue and fluorescence microscopy, the presence of callose in the sieve 
plate was verified (Fig. 159, 163). Callose is normally found on sieve 
plates. 
Sieve plates studied at the EM level had conical callose deposits 
and sieve plate pores lined with a membrane completely surrounding the 
sieve plate. Some ER is located near the sieve plate pore and the re­
maining protoplast remnants are peripheral in the STM (Fig, 164, 165). 
Phloem or P-protein of the tubular or fibrillar type was not present. 
The absence of P-protein has been reported previously in Hordeum 
(Evert, Eschrich, and Eichhom, 1971), and Zea (Singh and Srivastava, 
1972). The angular crystalline inclusions are intact in the plastids 
of early developing STMs (Fig. 167). Later, these inclusions are 
separated from the plastid and occur near, or on, the sieve plate, 
perhaps even occluding the pores (Fig, 165, 166), The separation of 
the inclusions from the plastids may be a result of mechanical damage 
rather than a structural phenomenon in an intact STM, 
It has also been hypothesized that cell abnormalities in the basal 
region of the CMS anther filament in certain plant taxa may cause 
inefficient solute transport into the developing anther, thus causing 
microspore abortion. In later developmental stages of CMS and N 
sorghum stamen filaments there is no atrophy of the vasculature or other 
cells or the filament. In filaments of sterile (Fig. 168, 169, 172) 
and normal (Fig, 170, 173) stamens, cells at the base of the anthers are 
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short, broad, and contain typical nucleated cytoplasm. The filament 
of both CMS and N stamens is somewhat broader during its ontogeny 
(Fig, 168, 172), Scanning electron microscopy also verified these 
observations (Fig. 171, 174), 
Histochemical studies 
Histochemical tests were conducted with CMS and N stamens to see 
if any differences could be detected in carbohydrates, nucleic acids 
or proteins during comparable developmental stages in the cells of the 
fialment, the vascular bundle or the parietal cells. The sporogenous 
cells and tapeturn were not taken into consideration here as they have 
been discussed earlier and reported in Appendix A, Tables 8-10, The 
tests used were the periodic acid-Schiff's reaction for carbohydrates, 
azure B stain for nucleic acids, and mercuric brom phenol-blue stain 
for proteins. Table H gives the results of these histochemical tests. 
Generally, the carbohydrate content for all regions tested 
were the same in steriles and normals. Nucleic acids stained about the 
same in the cells of the filament and vascular bundle for both lines at 
comparable developmental stages, RNA stain intensity was lower than 
DNA in both sterile and normal parietal cells. Protein staining 
intensity was generally the same in both lines at all anther stages 
in filament and parietal cells, but much greater in CMS vascular bundle 
cells as compared to normals. This again may be due to a dilution of 
stain in the N vascular bundle and therefore, less stain intensity was 
observed. 
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DISCUSSION 
There is, in my opinion, no concrete evidence in the literature, or, 
unfortunately, none from this study, as to the cause or mechanism of 
microspore abortion. In the comprehensive review of CMS (Edwardson, 
1970), ionizing radiation, colchicine, and interspecific crossing are 
reported to induce CMS, but the nature of the affected cytoplasmic factors 
and their location are unknown. He also recognizes that uniparental 
transmission of CMS is based on the assumptions that sterility factors 
may be; (1) located in cytoplasmic organelles; (2) situated in infective 
agents; or (3) products of a regulator-operon system which does not 
involve cytoplasmic factors. 
In this investigations, an anatomical, cytological and histochemical 
study was made of anthers of CMS Sorghum bicolor, especially on the later 
stages of the CMS anther before, during, and following microspore 
abortion, which was compared to similar developmental stages in N anthers 
(Christensen, 1972; Christensen, Horner, and Lersten, 1972), At the 
LM level, the anatomy and cytology of the CMS line was no different than 
previously studied in the N line until the stage of microspore abortion. 
The present study shows relatively few histochemical differences between 
sterile and normal anthers during comparable stages. At microspore 
abortion, there is a rather abrupt failure of the CMS anther to continue 
enlarging in length or width, followed by anther collapse and discolora­
tion, At the EM level, the shape, size, and distribution of organelles 
were similar in both sorghum lines until microspore abortion. 
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The tapeturn of CMS Sorghum bicolor is secretory and becomes binu-
cleate at the initiation of meiosis. This is unlike the Combine Kafir 
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in which the secretory tapeturn becomes multinucleate at meiosis I. 
In the lines of CMS sorghum that have been investigated cytologically 
(Table 4, 6), only Raj (1968) reported a plasmodial tapeturn after meiosis I. 
In all other lines of sorghum a secretory tapetum is present. 
The tapetum of CMS Sorghum bicolor develops similarly to the N line 
(Christensen, 1972), but the distribution of organelles during micro-
sporogenesis in relation to proposed tapetal functions merits 
comment. CMS tapetal organelles show a noticeable lack of ER, ribosomes, 
microbodies and plastids before the completion of meiosis in both lines. 
A smooth tubular system of ER was occasionally observed in these early 
stages. 
The association of many pleomorphic plastids containing lipid 
inclusions, ER, microbodies and ribosomes after meiosis, might show 
a direct physiological role in sporopollenin localization and transport on 
the pro-orbicules and microspore exine. The plastids become more closely 
associated with these organelles as orbicular wall and microspore exine 
develop. In the later developing tapetum, dictyosomes were readily 
demonstrated in CMS Sorghum and Triticum anthers (DeVries and le, 1970). 
The coalescing of vacuoles was also observed in the later developing 
CMS tapetum of Sorghum bicolor as well as in Sorghum vulgare (Brooks, 
Brooks, and Chien, 1966) and in Triticum (DeVries and le, 1970). 
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A conspicuous enlargement of the tapetal cells before microspore 
abortion, sometimes completely filling the locule, has been observed 
in CMS Sorghum vulRare (Brooks, Brooks, and Chien, 1966). Such extreme 
tapetal behavior was not observed in CMS Sorghum bicolor anthers at any 
time during microsporogenesis. These former investigators have considered 
such an enlarged tapetum as a probable cause of microspore abortion. 
Their observations of a greatly enlarged tapetum, however, are the only 
ones reported in previously investigated CMS lines of sorghum (Table 6), 
A slight tapetal swelling was observed in both lines of Sorghum bicolor, 
with the increase in tapetal size being most noticeable at the early 
to late vacuolate microspore stages. This increase in cell shape was 
no greater than 10-25 percent of the premeiotic size. 
The occlusion of the locule by an enlarged tapetum reported in male 
sterile Cucumis melo (Chauhan and Singh, 1968) is the only one reported 
from dicots. It can be concluded from their Figures 6 and 7 that the 
presence of a swollen tapetum which occludes the locules, crushing 
the developing microspores, is accurate and a normal event of micro­
sporogenesis in this dicot sterile taxa. 
Such an increase in tapetal cell size in CMS Sorghum post-meiotic 
stages, might result from tonicity changes within the microsporangium 
while processing the tissue for fixation. Also, some fixatives such 
as FAA for paraffin embedding are too harsh on anther tissue, causing 
changes in tonicity during earlier developmental stages. The glutaralde-
hyde fixative for embedding in plastic proved more successful as an 
overall fixative for all developmental stages of CMS and N anthers. 
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Fixative penetration was most successful when the tip of the anther was 
removed or it was slit through the locule, allowing for rapid penetration 
of fixative. Older anthers proved difficult to submerge in the fixative 
because of a heavy cuticle layer. Agitation of tissue by adding dilute 
"Pink Lady" detergent to reduce surface tension allowed for immediate 
fixative penetration. Standard fixatives used in most CMS plant cyto-
logical studies such as FAA, alcohol-acetic acid, or Grafs are good for 
cell or tissue localization. However, this study has shown that anther 
tissue does not always fix well at the LM level with FAA for cytological 
events of microsporogenesis studied in most CMS plant taxa. 
The association of a non-degenerate tapeturn in post-meiotic stages 
has been speculated to be closely associated with causing microspore 
abortion.' The cytological studies that were the most extensive in 
attempting to show this relationship have been in Sorghum (Singh and 
Hadley, 1961; Alam and Sandal, 1967), Dactylis (Filion and Christie, 
1966), Triticum (Joppa, McNeal, and Walsh, 1966) and Daucus (Zenkteler, 
1962). None of the above studies showed tapetal degeneration beyond 
LM resolution. Similar degenerative events of the tapeturn occur 
simultaneously in CMS and N Sorghum until the stage of microspore abortion, 
A close relationship between the aborting microspore and degenerate tape-
turn exists, primarily its general integrity as a cell layer, and then 
its protoplasts are lost as microspore degeneration ensues. The study 
of N Sorghum by Christensen (1972) may well show similar tapetal events 
as pollen grains are formed. Therefore, the structural relationship of 
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abortive microspores and tapetal degeneration appears to be one 
of effect and not cause. 
A peritapetal wall on the outer tangential tapeturn surface was 
observed in CMS Sorghum bicolor and also observed in the N line by 
Christensen (1972), and appears similar to that in Podocarpus 
macrophyllous (Vasil and Aldrich, 1970) and in Pinus banksiana 
(Dickinson, 1970, 1971), This wall was observed in some sterile 
specimens from the mid-vacuolate microspore to microspore abortion 
stage. The earlier peritpaetal wall appears as one dense layer, but 
at the degenerative stage both a gray layer and a darker layer are 
observed, similar to that in Pinus banksiana. However, both layers 
in Sorghum are intact when the tapetal protoplast loses its integrity, 
Dickinson (1970, 1971) showed a complete loss of the gray layer at 
this time. 
The development of a peritapetal layer in later stages could have 
some direct influence on materials from the parietal layers and their 
movement to or from the tapetal layer. The peritapetal wall may also 
be a structural component laid down in both CMS and N tapeta as part of 
the normal secretion of the tapetal orbicular wall. This peritapetal 
wall has not been reported in other CMS lines, and perhaps a more 
comprehensive ontogenetic study of the outer tangential-parietal wall 
interface should be undertaken. 
The microspore wall of CMS Sorghum bicolor is similar in development 
to the N line (Christensen, Horner, and Lersten, 1972; Christensen, 1972), 
except for the absence of a normally formed intine layer. Unlike the 
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inhibition of the developing microspore wall and germ pore in Zea mays 
(Jones, Stinson, and Khoo, 1957), no inhibition of these microspores 
was noted in CMS Sorghum bicolor. The reticulate microspore exine 
observed in CMS lines of Sorghum vulgare (Singh and Hadley, 1961) was 
not found in other lines of sorghum (Table 6), and is possibly a fixation 
artifact, since they show this condition in squash preparations but not 
in paraffin-embedded, sectioned specimens. 
The only EM study of a CMS taxon has been by DeVries and le (1970) 
with Triticum aestivum, in which microspore wall development was reported 
to be similar in CMS and N lines until the abortive stage. They observed 
an intine layer in steriles which was thinner than in normals and attri­
buted it to a decreased amount of starch in the sterile microspore. The 
current study of CMS Sorghum bicolor showed no starch in the later 
developing microspore, as did the N microspore at the time of intine 
initiation. Therefore, in CMS Sorghum bicolor the absence of an intine 
being correlated directly with the absence of starch when compared to an 
equivalent developmental stage of N anthers, appears illogical in this 
plant taxon. The study with Triticum also showed a collapsed CMS micro­
spore like that noted with CMS Sorghum bicolor. However, this condition 
has also been observed occasionally at the vacuolate microspore and 
vacuolate pollen stages of N anthers (Christensen. Homer, and Lersten, 
1972; Christensen, 1972). 
It can be reiterated that in anthers of Sorghum bicolor, the events 
of microsporogenesis at comparable developmental stages are similar in 
both lines up to the stage of abortion; the vacuolate microspore stage. 
67 
At this point in development the major difference noted between the two 
lines is that microspore abortion precedes tapetal degradation. In 
the N line degradation of the tapetal layer occurs in the vacuolate 
pollen stage, and the pollen continues its development to the engorged 
pollen stage. The CMS microspore, if it were to continue its development 
into the vacuolate microspore stage and then abort, would no doubt be 
accompanied simultaneously by a degenerating tapetal layer as in the N 
line. The mechanism that might cause microspore abortion is perhaps 
within the microspore protoplast and CMS tapetal degradation may only 
be a consequence of microspore abortion occurring before or with anther 
degradation. 
The times at which microspore abortion can occur in CMS plant taxa 
is variable during microsporogenesis (Table 4). In CMS Sorghum bicolor 
microspore abortion occurs predominently in the late vacuolate micro­
spore stage. However, there is considerable variability in the time of 
microspore abortion in other sorghum lines (Table 6), ranging from 
meiosis II until after microspore mitosis. The early microspore 
abortion observed by Raj (1968) in an unidentified species of sorghum, 
occurs in the earlier stages of microsporogenesis which is more prevalent 
in species with a plasmodial tapeturn similar to that in dicots such as 
Beta vulgaris (Artschwager, 1947; Hosokawa et al., 1962). The plasmodial 
tapeturn may directly influence immediate microspore collapse, either by 
occlusion of the locule causing disruption in the microspore environ. 
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or by disrupting some physiological process within the locule 
necessary for microspore development. 
Other CMS plant taxa which display microspore abortion before 
meiosis I are Capsicum (Novak, 1971; Novak, Betlach, and Dubvosky, 1971) 
and Petunia (Izhar and Frankel, 1971). Here abortion occurs as early 
as premeiosis and is not accompanied by a plasmodial tapeturn. With 
these CMS plant taxa, tapetal cell organelles necessary for initiating 
and localizing substrates for normal microspore development might become 
inoperative before callose is completely deposited. If any one, or 
combination of physiological precursors or organelles becomes inoperative 
before meiosis I, it is likely that a normal sequence of events during 
early microsporogenesis in these sterile lines will be terminated. 
The mistiming of callose release in CMS lines is a likely factor in 
causing early microspore abortion. However, the dissolution of callose 
from around the microspore takes place at the same time during microsporo­
genesis in CMS and N lines of Sorghum bicolor. This is unlike that 
reported by Izhar and Frankel (1971) with CMS Petunia, in which the 
sterile MMC was aborted in the presence of callase, an enzyme which is 
inactivated at a pH above 7.0. No pH changes have been reported of 
CMS or N Sorghum bicolor anthers or any other monocot taxa (Table 1). 
But, since callose dissolution occurs at the same time in both lines 
and since comparable development takes place up to the vacuolate micro­
spore stage, I feel this abortive mechanism can be disregarded for 
Sorghum bicolor. 
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Alam and Sandal (1969) reported a deficient cytochrome oxidase 
system in the anthers of CMS Sorghum vulgare which might induce micro­
spore abortion, through inefficient oxidative phosphorylation. They 
emphasize that the enzyme localized within the mitochondria, and 
their degeneration before microspore abortion supports decreased cyto­
chrome oxidase activity in sterile lines. Erickson (1969) concluded 
from investigations of Tritician that the whole anther and leaf extracts 
of CMS plants show reduced cytochrome oxidase activity when compared 
to fertile plants. My results with CMS and N Sorghum cannot be com­
pared with these, since all attempts to show this enzyme failed. The 
previous investigations, however, were remiss in that they failed to 
give techniques for obtaining their results and have not been reported 
for any other CMS plant taxa in Table 1. 
Trace amounts of acid phosphatase (AP) were noted in the tapetal 
cells of sterile barley lines, but high enzymatic activity in male 
fertile lines (Kaul and Singh, 1966). They, therefore, correlated low 
AP activity with microspore abortion. The extensive review of AP 
localization and activity in meristematic cells (Poux, 1970), concludes 
that AP is a ubiquitous enzyme, generally present in greater amounts 
in meristematic cells, and its localization is difficult and as varied 
as the types of tissues in which it has been tested. Several attempts 
with CMS Sorghum bicolor anthers failed to yield any correlations at 
the LM or EM levels of the presence or localization of AP activity 
because of numerous technique problems encountered. 
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The structural studies with Triticum (Joppa, McNeal, and Walsh, 
1966) and sudangrass (Alam and Sandal, 1967) contended that inadequate 
vascular development results in decreased metabolic efficiency of 
the tapetum, leading to eventual microspore abortion. The study of 
Rohrbach (1965) with CMS Beta concluded that nutritional imbalances in 
the anther caused microspore abortion. His results, based only upon 
the single technique of anther clearings, raises some skepticism as to 
the validity of his conclusions. It is difficult to draw these con­
clusions from two photographs shown in the above study, since only a 
limited section of the stamen filament is shown with no apparent indi­
cation of vascular tissue. The current study with CMS Sorghum bicolor 
anther clearings show vasculature and adjacent stamen filament cells 
clearly, without cellular differences in both lines and no hypertrophy 
of vasculature in CMS anthers. SEM, paraffin and plastic embedded 
preparations have also shown no apparent differences may exist between 
the CMS and N Beta stamen filaments, different techniques and various 
planes of sectioning should be employed at different points of the 
stamen filament to definitely conclude that a degenerate stamen filament is 
a direct cause of microspore abortion. There were no differences noted 
in stamen cells of CMS or N Sorghum bicolor at comparable developmental 
stages, and it is doubtful that any nutritional imbalances present in 
these tissues exist during anther ontogeny, since histochemical tests 
show no differences in total carbohydrates, nucleic acids, or proteins 
in cells of the vascular bundle or adjacent tissues at comparable stages. 
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Filament elongation has often been speculated as a possible cause 
of the CMS anther failing to undergo exertion and anthesis, resulting 
in abnormal anther development and microspore abortion, Schaeuerbeke 
(1967) investigated the stamen filaments of numerous fertile grasses 
and concluded that anthesis was always accompanied by the elongation 
of the stamen filament. CMS and N Sorghum bicolor had normal stamen 
filament elongation at the microspore abortion and engorged pollen 
stages, but the sterile anther was reduced in size. In dicot CMS 
Lycopersicon esculentum and Solanum penelli, Anderson (1963) observed 
microspore abortion accompanied by reduction in anther size, but a 
lengthening of the filament. Ogura (1968) noted that stamen filament 
elongation was delayed and decreased at anthesis in Raphanus sativus. 
The transmittance of viruses or cytoplasmic organelles as a proposed 
explanation of some cases of cytoplasmic male sterility is reviewed by 
Edwardson (1970), While it generally can be said that CMS factors and 
viruses can only be tenuously associated, Atanasoff (1971) has proposed 
virus transmission to explain all examples of cytoplasmic inheritance. 
In most instances the factors controlling inherited CMS characters in 
angiosperm taxa are asexually transmitted, and no direct association 
has been established or shown by Atanasoff (1971) between infective 
agents and CMS. Duvick (1965) points out that usually CMS factors 
are transmitted through the seed with the regularity of nuclear genes, 
a property not exhibited by viruses. Transmission of sterility by in­
ducing agents such as viruses or organelle components, should be readily 
transported across graft unions and initiate sterility with some 
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efficiency and repetitiveness during the graft generation. However, 
as Atanasoff (1971) points out, the transmission of sterility seems to 
be a very restricted phenomenon, and has not been established repeatedly 
even in a few plant taxa or been exhibited in CMS Sorghum bicolor. 
Tewari (1971) has reviewed the genetic autonony of extranuclear 
organelles and concluded that increasing evidence of the structure and 
function of chloroplasts and mitochondria are partly under control of 
extrachromosomal genetic determinants localized within these cytoplasmic 
organelles. Chloroplasts and mitochondria partly satisfy the require­
ments of partial or complete genetic autonomy of an organelle which 
requires: a) a distinct molecular species capable of functioning 
as a stable carrier of genetic information, b) a mechanism for repli­
cation of this carrier DNA within organelles, c) a transcription mechanism 
(i.e. DNA-dependent RNA polymerase) inside the particles, d) protein 
synthetic machinery, e) demonstration that organelle DNA can specify 
structure and the function of subcellular organelles. In light of these 
requirements, the presence of chloroplasts and mitochondria and their 
role as extranuclear organelles in relation to CMS will need to be 
investigated thoroughly in all CMS plant taxa. 
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SUMMARY 
On the basis of evidence presented in this investigation, it is 
concluded that no morphological, anatomical, or cytological differences 
are evident between CMS and N anthers of Sorghum bicolor during micro-
sporogenesis, until the stage of microspore abortion. At this point 
certain similarities and differences are apparent. 
There are definite differences at the time of abortion between the 
events of CMS and N microsporogenesis. The CMS microspore aborts, and 
its tapetal protoplast usually remains intact longer. The CMS micro­
spore generally aborts at the late vacuolate microspore stage, but some 
abortive microspores have been observed one stage earlier or later than 
this time (Fig. 1). The changes that occur in the CMS microspore at 
abortion are abrupt, of short duration, and lethal. 
While numerous structural causes or mechanisms have been proposed 
for microspore abortion in CMS sorghum and other plant taxa, the results 
of this study do not support any of them in Sorghum bicolor. These 
mechanisms include the enlargement of the tapetum causing the microspores 
to be crushed, the failure of complete tapetal breakdown after early 
microspore abortion which results in a retention of food reserves needed 
for the developing microspores, and hypertrophy of the vascular bundle 
of the stamen filament resulting in decreased solutes for the anther. 
Microspore abortion by mistiming of callose activity or by transmittance 
of abortion information by viruses are not apparent causes for CMS 
Sorghum bicolor, although these were not studied directly. No virus 
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particles were observed in any preparation. Assumptions underlying any 
of these proposed systems as causes of CMS must be more rigorously tested 
in all plant taxa. 
After examining existing published cytological and anatomical studies, 
and taking into account numerous examples of questionable technique and 
interpretation, it can be concluded that in comparing dicot and monocot 
CMS plant taxa, microspore abortion can occur at almost every stage of 
development. Such evidence strongly suggests that more than one mechanism 
of microspore abortion could be involved. 
No positive evidence has resulted from this study as to the cause or 
causes of microspore abortion in CMS Sorghum bicolor. However, there is 
considerable value in the elimination of possibilities by detailed and 
exhaustive study, since most of these speculations have been frequently 
emphasized on the basis of superficial work. 
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APPENDIX A: TABLES 
Table 1. Cytoplasmic male sterile taxa that have been studied cytologically 
Taxa Investigated Investigator 
Gramineae 
1, Aegiolotricum* 
Amphidiploid of Triticum durum X 
Aegilops ovata cytoplasm 
2. DactylIS 
D. glomerate 
Hordeum 3. 
4. 
Amphidiploids of H, jubatum 
X H. compresum & H. bulbosum 
X H. vulgare 
Lolium 
L. multiflorum 
5. Pennisetum 
P. typhoides 
6, Sorghum 
hybrid of vulgare var sudanense 
S. vulgare 
Sorghum sp. 
7. Triticum 
Triticum sp, with Aegilops ovata cytoplasm 
T. aestivum 
15, 16 Fukasawa (1953, 1956) 
14 Filion & Christie (1966) 
45 Schooler (1967) 
31 Nitsche (1971) 
47 Singh & Sharma (1963) 
1 Alam & Sandal (1967) 
3 Brooks, Brooks, Chien (1966) 
26 Maunder & Pickett (1959) 
29 Narkhede, Phadnis &. Thombre (1968) 
46 Singh & Hadley (1961) 
40 Raj (1968) 
5 Chauhan & Singh (1966) 
7 DeVries &. le (1970) 
f These genus identification numbers are used in the first column of Table 4, 
These investigator identification numbers are used in the second column of Table 4. 
Table 1, continued 
Taxa Investigated Investigator 
T. aes tivum X cytoplasm of T. timopheevi, T. 
zhikonskyi & T, timonovum 13 
hybrid of T. aestivum & T. timopheevi 23 
Triticum sp. 43 
44 
Triticum timopheevi with Aegilops ovata cytoplasm56 
8, Zea 
2", mays 4 
8 
17 
19 
22 
24 
38 
41 
42 
50 
54 
Liliaceae 
9, Allium 
A. cepa 
A. fistulosum 
Chenopodiaceae 
10, Beta 
B, vulgaris 
27 
51 
55 
30 
2 
20 
28 
Fedorova & Nettevich (1969) 
Joppa, McNeal & Walsh (1966) 
Savchenko & Lastovych (1965) 
Savchenko (1967) 
Wilson (1968) 
Chang (1954) 
Diaconu (1965) 
Gabelman (1949) 
Herich (1965) 
Jones, Stinson &. Khoo (1957) 
Khoo & Stinson (1957) 
Orel (1967) 
Rhoades (1933) 
Rogers & Edwardson (1952) 
Spasojevic (1966) 
Turbin et al. (1969) 
Monosmith (1928) 
Tatebe (1957) 
Virnich (1967) 
Nishi & Hiraoka (1958) 
Artschwager (1947) 
Hosokawa et al. (1954) 
Nagao &. Kinoshita (1962) 
Table 1. continued 
Taxa Investigated 
Ranunculaceae 
11, Aquilegia 
hybrid of A. vulgaris X A, crysantha 
hybrid of A, flabellata X A, truncate 
Crueiferae 
12, Brassica 
B. oleracea 
B, napus 
13, Raphanus 
R, sativus 
Rosaceae 
14, Fragaria 
hybrid of F, vesca X F. nilgerensis 
Leguminosae 
15, Crotalaria 
C, mucronata 
16, Lupinus 
L, mutabilis 
Linaceae 
17, Linum 
L, usitatissimum 
Onagraceae 
18, Epilobium 
hybrid of jE. montanum X. roseum 
Umbe Hi ferae 
19, Daucus 
D, carOta 
Apocynaceae 
20, Tabemaemontana 
T, coronaria 
Inves tigator 
48 Skalinska (1928) 
49 Skalinska (1931) 
30 Nishi & Hiraoka (1958) 
57 Yamaguchi & Kanno (1963) 
30 Nishi & Hiraoka (1958) 
37 Ogura (1968) 
vO 
O 
34, 35 Numberg-Krliger (1956, 1958) 
11 Edwardson (1967) 
39 Pakendorf (1970) 
9 Dubey & Singh (1965) 
36 Oberreuter (1925) 
52 Thompson (1960) 
58 Zenkteler (1962) 
10 Dubey (1970) 
Table 1. continued 
Taxa Investigated Investigator 
Solanaceae 
21. Solanum 
hybrid of chacoense X Solanum sp. 
Solanum sp, 
22. Lycoperstcon 
Lycopersicon sp. 
23. Capsicum 
C, annuum 
24. Nicotiana 
hybrid of _N. tabaccum X N, glutinosa 
25. Petunia ~ 
hybrid of Petunia sp, X P. hybrida 
Cucurbitaceae 
26. Cucumis 
C. melo 
18 Grun &. Aubertin (1966) 
25 Lamm (1941) 
30 Nishi & Hiraoka (1958) 
32 Novak (1971) 
33 Novak, Betlach & Dubovsky (1971) 
53 Tsikova (1969) 
12 Edwardson & Warmke (1967) 
21 Izhar & Frankel (1971) 
6 Chauhan & Singh (1968) 
Table 2, Keys for interpretation of columns 4, 5, and 6 of Table 4. 
Source of cytoplasmic male Stages at which Research Technique Used 
sterility (Edwardson, 1970) abortion may occur No. Technique 
No. Type No.* Stage 
1 arising 
crosses 
from intergeneric 1 sporogenous mass -
microspore mother cell 
1 stardard paraffin or 
plastic sections 
2 arising 
crosses 
from interspecific 2 meiosis I - meiosis II 2 squashes 
3 arising 
crosses 
from intraspecific 3 tetrad 3 viability staining 
4 arising 
ously 
apparently spontane- 4 early non-vacuolate 
microspore 
4 his tocherais try 
5 vacuolate microspore 5 electron microscopy 
6 vacuolate pollen 6 scanning electron 
microscope 
7 engorged binucleate pollen 7 technique not mentioned 
8 tri-nucleate pollen 
^These numbered stages are illustrated in Fig. 1 
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Table 3. Percentages distribution of published reports of abortion 
among stages of microsporogenesis. 
Stage* 1 2 3 4 5 6 7 8 
All Taxa 6 9 25 32 13 13 2 0 
Monocots 2 2 23 34 16 19 4 0 
Dicots 10 17 28 30 10 5 0 0 
^As described in Column 2 of Table 2 and illustrated in Fig. 1. 
Table 4. Summary of cytological observations on CMS taxa 
Genus Inves- Reviewed Source of Abortive Research Technique 
tigator* by cytoplasmic Stage Used 
Edwardson male sterility 
(1970) 
1 15 + 1 3-4 2 
1 6 + 1  6  1 , 2  
2 14 + 4 3-4 1,2 
3 45 + 2 6-7 1,2 
4 31 - 4 3-4 2,3 
5 47 + 4 4 1,2 
a See Table 1 for explanation of these numbers. 
b See Table 2 for the names represented by these numbers, 
c See Table 2 for explanation of these numbers. 
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Anther Observations 
Morphology of microspore 
development 
Empty pollen Show hypertrophy, 
3-4 nuclei present 
that degenerate 
Cytological Observations 
observations of tapetal 
at time of development 
abortion 
Microspores No information 
degenerate 
after tetrad 
stage 
13.3% of anthers 
malformed 
Uninucleate or 
enucleate; some 
show normal 
mitosis 
Pollen 
degenerates at 
microspore 
mitosis 
No hypertrophy, 
no Plasmodium 
formed, cells 
appear stretched 
tangentially 
Dark green, 
small, no 
pollen 
Degenerate 
rapidly 
Microspores 
degenerate 
after tetrad 
stage 
Degenerates 
rapidly with 
cytoplasm loss. 
Remnants visible 
at anthesis 
No information Normal development 
until abortion 
occurs 
Development 
to nonviable 
pollen 
Remains 
"thickened" 
No information Normal development 
until abortion 
occurs 
Microspores Remains intact 
degenerate 
after noxrmal 
meiosis 
No information Normal development Abnormal develop- Remains intact 
until abortion ment at early 
occurs microspore stage 
Table 4. continued 
Genus Inves- Reviewed Source of Abortive Research Technique 
tigator* by cytoplasmic Staged Used° 
Edwardson male sterility 
(1970) 
6 1 +3 3-4 1,2 
3 + 3  4 - 5 1  
26 + 3 5-6 3 
29 - 3 4-5 1,2 
4 0 - 3  1 - 4  1 , 2  
46 3 5-6 1,2 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
of tapetal 
development 
Normal during 
premeiotic 
stages 
Normal development 
until abortion 
occurs 
Associated 
with non-
degenerating 
tapetum 
Does not degenerate 
after meiosis; 
remains intact 
No information Normal development 
but no microspore 
mitosis or starch 
formation 
Aborted microspores Variation in width 
have normal wall and morphology 
development and 
germination pore 
Shriveled Normal development 
until abortion 
occurs 
Pollen grains 
partly formed 
No information 
No information Degeneration 
before or after 
micorspore 
mitosis 
No information Appears shriveled 
and degenerates 
before microspore 
mitosis 
No information Degenerate 
before microspore 
mitosis 
Microspores 
not released 
from tetrad 
Feriplasmodium 
formed after 
meiosis I; 
reduction of cyto­
plasm and nuclei 
No information Develop intine 
and reticulate 
exine 
Microspores 
develop normally 
with few bi & 
trlnucleate 
spores 
Multinucleate 
tapetum persists 
after abortion 
Table 4. continued 
Genus Inves- Reviewed Source of Abortive Research Technique 
tigator* by cytoplasmic Stage Used 
Edwardson male sterility 
(1970") 
7 5+ 1 3-4 1,2,3 
13 
2 3 - 1  6  1 , 2 , 3  
43,44 - 3 3-4 
56 + 1 6-7 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
of tapetal 
development 
No information 
No information 
Normal development 
until degeneration 
Normal development 
through exine 
formation 
Degenerate 
at tetrad 
separation; 
microspore 
devoid of 
cytoplasm 
and germ pore 
Lobed micro­
spores with 
normal exine 
and thin 
intine; devoid 
of starch 
Abnormal behavior 
in each floret. 
Persists after 
microspore 
degeneration 
CMS tapetum 
identical 
to tapetum of 
normal anthers 
No information 
Sickle shaped 
Cytoplasm 
degenerates 
Do not usually 
go through 
microspore 
mitosis 
Cessation of 
microspore 
growth between 
microspore 
mitosis and 
pollen mitosis 
Microspores 
devoid of 
starch 
No information 
Persists after 
abortion 
Undeveloped Contents degenerate Cessation of 
microspore 
growth after 
meiosis 
No information 
No information Meiosis and micro­
spore mitosis are 
normal 
Pollen develop­
ment is rarely 
completed 
No information 
Table 4. continued 
Genus Inves- Reviewed Source of Abortive Research Technique 
tigator by cytoplasmic Staged Used^ 
Edwardson male sterility 
(1970) 
8 4 4 4-5 1,2 
8 - 4  5 - 6  1 , 2  
1 7 + 4  4  3  
19 + 4 3-4 7 
22 + 4 4-5 1,2 
24 4 6 1,2 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
tapetal 
development 
of 
No Information 
No information 
No information 
Cytoplasm 
vacuolate and 
microspores 
degenerate after 
tetrad release. 
Microspores 
develop normal 
wall and germ pore 
Highly vacuolate 
during maturation 
Abortion occurs 
during microspore 
development 
Growth ceases Endomitotic and 
after uninucleate thickened. Becomes 
microspore dissociated from 
parietal cells and 
free cells degen­
erate later than 
normal tapetum. 
Persists after 
abortion, degenerates 
rapidly 
Degeneration Remains intact 
at 1-2 nuclei 
stage 
No information No information 
No information Cytoplasm vacuolate, 
small transparent 
bodies without 
starch 
First signs 
of degeneration 
after release 
from tetrad 
No information 
No information Sterile microspore 
smaller with less 
ctyoplasm than 
normal. 2-6 nucleoli 
of various sizes 
First signs of 
degeneration 
after release 
from tetrad 
No information 
Small, papery After initial enlarge- Degeneration No infoirmation 
ment, development at microspore 
arrested. Wall thick- mitosis 
ening limited, faint 
pore develops, cyto­
plasm coarsely gran­
ular, no starch 
Table 4. continued 
Genus Inves- Reviewed Source of Abortive Research Technique 
tigator* by cytoplasmic Stage Usedf 
Edwardson male sterility^ 
(1970) 
38 - 4 3-4 2,3 
41 + 4 5 2 
42 - 4 5-6 2 
50 - 4 3-4 2 
54 - 4 6 2 
9 27,51 + 4 2-3 2 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
of tapetal 
development 
No information 
No information 
Degenerate after 
tetrad release 
in M-type CMS. 
In T-type CMS, 
degeneration 
during later 
microspore 
development 
Microspore walls 
collapse after 
cytoplasm degen­
erates 
Abnormal develop­
ment after release 
from tetrads 
Abortion occurs 
before microspore 
mitosis 
Light stickiness 
of chromosomes 
at abortion 
No information 
No information 
No Information Anthers shrunken Failure of starch 
production during 
mlcrosporogenesis 
Anthers empty Egg-shaped, cyto- Light stickiness No information 
plasm shrinks around of chromosomes 
nucleus at abortion 
No information Large numbers of 
dyads, slower 
development of 
microspores 
Development ceases 
after pollen be­
comes binucleate 
No information 
No information Normal development No information 
followed by 
degeneration 
Hypertrophy before 
abortion, abnormal 
degeneration 
Table 4. continued 
Genus Inves- Reviewed by Source of Abortive Research Technique 
tigator Edwardson cytoplasmic Stage Used 
(1970) male sterility 
30 - 4 3-4 1,2 
55 + 4 3-4 1,2 
10 2,20,28 + 4 1-3 1 
11 48,49 + 2 6 7 
12 30 - 4 3-4 7 
57 + 4 2-3 7 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
of tapetal 
development 
Anthers reduced, 
no dehiscence 
No information 
Normal develop­
ment until 
immediately 
after tetrad 
formation 
Normal develop­
ment until tetrad 
formation 
Associated 
with enlarged, 
nondegenerating 
tapetum 
No information 
Enlarge immediately 
after release of 
microspores from 
tetrad. Vacuolated 
and appress the 
microspores. May 
be plasmodial 
Remains intact 
until microspore 
contents are 
reabsorbed 
Anthers ençty 
No information 
Normal development 
until release from 
tetrad 
Some MMC begin 
to degenerate 
before meiosis 
is complete 
Normal development 
to pollen mitosis 
Pollen develops 
generative 
nucleus and 
degenerates 
Plasmodial or 
secretory tapetum 
is formed. Progrès* 
sive degeneration 
of nuclei and 
cytoplasm. Plasmo­
dial presence 
delays abortion 
No information 
Reduced, no 
dehiscence 
Normal development 
until release 
from tetrad 
Associated with 
nondegenerating 
tapetum 
Remains intact 
No information Reduction in PMC No information 
and pollen produced 
No information 
Table 4. continued 
Genus Inves- ^ Reviewed Source of Abortive Research 
tigator by cytoplasmic ^ Stage^ Technique 
Edwardson male sterility^ Used 
(1970) 
13 30 - 4 3-4 7 
37 + 4 4 4 
14 34,35 + 2 3-4 2 
15 11 + 4 3-4 7 
16 39 4 3-4 1,2 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
of tapetal 
development 
Reduced, no 
dehiscence 
Normal development 
until release from 
tetrad. Poor exine 
development. 
Associated 
with non-
degenerating 
tapeturn 
Vacuolated, 
enlarged and 
appressed micro­
spores 
Shrunken, 
papery 
Normal development 
until release from 
tetrad 
No information Collapses as 
microspores 
degenerate. Early 
breakdown may 
induce microspore 
degeneration 
Shrunken Normal development 
until release from 
tetrad 
No information No information 
No information Normal development 
until after meiosis 
No information Abnormalities 
frequently 
encountered 
Shriveled 
and darkened. 
Endothecium 
enlarges at 
abortion 
Normal development 
through tetrad 
Microspores fail Remains intact 
to separate at 
tetrad 
No information Normal development 
through the later 
microspore stage 
Normal wall 
development, 
but do not be­
come binucleate 
Persists after 
abortion of 
microspores, 
remains cellular 
until degeneration 
Table 4. continued 
Genus Inves- Reviewed Source of Abortive Research 
tigator By cytoplasmic ^ Stage Technique 
Edwardson male sterility Used 
(1970) 
18 36 + 2 2-3 7 
19 52,58 + 4 3-4 1,2 
20 10 - 4 4 1,2 
21 18,25 + 2 4-5 
22 30 - 4 3-4 1,2 
23 32,33 - 4 1-2 1,2 
^Study included because of reference to cytoplasmic male sterility. 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
of tapetal 
development 
No information Normal development No Information Normal develop-
until the tetrad ment until 
stage microspore 
degeneration 
Shrunken, 
brown 
Normal development 
until tetrad 
release 
Shrunken 
cytoplasm, 
pycnotic 
Flasmodial 
complex is 
formed 
No information Normal development 
until abortion 
Associated 
with non-
degenerating 
tapeturn 
Persists and 
is the cause 
of abortion 
Empty Normal development 
to dyad stage but 
not later than early 
exine 
Normal wall 
with thick 
exine develops, 
but microspores 
become shriveled 
No information 
Anther reduced, 
no dehiscence 
Normal development 
until abortion 
Associated with 
nondegenerating 
tapetum 
Remains intact 
after microspore 
abortion 
Mature anthers Degenerate at the Irregular meiosls Hypertrophy 
contain no end of telophase II of MMC^ begins during 
pollen premeiosis, 
delayed degen­
eration 
Table 4. continued 
Genus Inves- 2 
tigator 
Reviewed 
By 
Edwardson 
(1970) 
Source of 
cytoplasmic ^ 
male sterility 
Abortive 
Stage? 
Research 
Technique 
Used^ 
24 53 2 4-5 1,2 
25 12 + 2 2 3 
21 2 2-3 1,2,4 
26 6 4 3-4 1,2,4 
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Anther 
Morphology 
Observations 
of microspore 
development 
Cytological 
observations 
at time of 
abortion 
Observations 
of tapetal 
development 
No information Normal development 
until late micro­
spore stage 
No information Remains intact 
and large after 
abortion 
Contain no 
viable pollen 
No evidence of 
development after 
tetrad stage 
No information No information 
No information Development ter­
minated after 
abortive stage 
Cell wall is 
seldom laid 
down after 
meiosis II 
Begins degener­
ation at prophase 
I 
Anther reduced. Normal development 
no dehiscence until release 
from tetrad. Wall 
not differentiated 
into intine and 
exine 
Microspores at Cells invade 
tetrad fail to locule and 
separate and disorganize 
remain cemented the microspores 
together, irregular 
masses 
Table 5, Stnnmary of CMS and N lines of Sorghum investigated cytologically 
Alam 
& 
Sandal 
(1967) 
Narkhede, 
Phadnis 
& 
Thombre 
(1968) 
Investigator 
Sorghum 
lines 
studied 
Maunder 
& 
Pickett 
(1959) 
Singh 
& 
Hadley 
(1961) 
Brooks f 
Brooks 
& 
Chien 
(1966) 
Raj Laser 
(1968) (unpublished 
thesis, 1972) 
Sorghum vulgare 
CMS combine Kafir 60 
N combine Kafir 60 
CMS & N RedIan (Kafir 
X milo 8-2-6) x 71 
standard Blackbull 
Kafir 
CMS & N Wheatland 
(Garden City 38288) 
CMS & N Martin (Sel. 
from Wheatland 918) 
CMS & N Dwarf Redlan 
(waxy dwarf Kafir 6-1 
X Redlan) 
Sorghum vulgare var 
sudananse 
UM5 Rhodesian x 
ND31-11 
N ND520-10 
N Fj^ Rhodes ian 
XND 14-4 
X 
X 
X 
X 
X 
X 
X 
X 
X 
Table 5. continued 
Investigator 
Sorghum 
lines 
studied 
Maunder 
& 
Pickett 
(1959) 
Singh 
& 
Hadley 
(1961) 
Brooks f Alam 
Brooks, & 
& Sandal 
Chien (1967) 
(1966) 
Narkhede, 
Phadnis 
& 
Thombre 
(1968) 
Raj 
(1968) 
Laser 
(unpublished 
thesis, 1972) 
Sorghum vulgare 
(ITGMS 
(4) N 
CMS Sorghum arundinaceum 
var Rhodesian X 
X 
X 
Sorghum sp. 
CMS A378 X 
A3029 X 
A603 X 
A605 X 
N B378 X 
B3029 X 
B603 X 
B605 X 
X 
X 
Sorghum bicolor 
CMS combine Kafir 60 
Texas A3197 
N combine Kafir 60 
Texas B3197 
Table 6, Summary of cytological observations in lines of CMS Sorghum. 
CMS 
Line 
Investigator Time of 
abortion* 
CMS Developmental Stages 
4 5 6 7 8 
vulgare 
Combine Kafir Maunder 5-6 
60 & Pickett 
(1959) 
Combine Kafir 
60 Singh & 5-6 
Hadley (1961) 
Meiosis is normal Microspores collapse, 
often after microspore 
mitosis. 
Meiosis is normal Microspores develop 
with tetrads formed normally and often after 
and tapeturn multi- mitosis I-II. exine 
nucleate reticulate. Multinucleate 
tapetum persist after 
abortion 
Redlan, wheatland 
Martin & Dwarf 
Redlan Brooks, 
Brooks 
& Chien 
(1966) 
4-5 Meiosis is normal 
with binucleate 
tapetum 
Tapetum becomes enlarged 
before abortion 
Normal wall development 
until abortion occurs 
a Refers to Figure 1 and Table 2. 
b Refers to Figure 2. 
Table 6, continued 
CMS 
Line Investigator 
Time of 
abortion* 
CMS Developmental Stages^ 
3 4 5 6 
vulgare 
"" var sudanense 
Fj Rhodesian 
XND31-11 
vulgare 
S, bicolor 
Sorghum sp, 
A378 
A3029 
A603 
A605 
Alam 
& Sandal 
(1967) 
Narkhede, 
Phadnis 
& Thombre 
(1968) 
Laser 
(unpublished 
thesis) 
Raj (1968) 
3-4 
4-5 
4-6 
1-4 
Meiosis is normal, 
parietal layers 
disentegrate, 
Meiosis is normal. 
Meiosis is normal 
with binucleate 
tapetum 
MMC with 
"scanty" 
cytoplasm 
and degen­
erate 
nucleus 
Dyads absent 
but crescent 
shaped cells 
formed, cells 
collapsed 
and enucleate 
Microspores collapse 
but tapetum persists 
Tapetum appears 
shrivelled and 
degenerate. 
Collapsed vacuolate 
cytoplasm of micro­
spore appressed to 
wall, normal wall 
development, tapetum 
remains intact until 
microspores are com­
pletely aborted. 
Microspores fail to 
separate and further 
development arrested, 
tapetal Plasmodium 
formed. 
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Table 7, Histochemical tests 
Substance Tested Test Used Reference 
Acid phosphatase 
Carbohydrates 
Nucleic acids 
Proteins 
Gomori method (LM) 
Gomori method (EM) 
Periodic acid-Schiff 
reaction with alpha 
amylase extraction® 
Azure B with RNAase 
and DNAase extraction® 
Methyl green/pyronin Y 
with RNAase and DNAase 
extraction 
Mecuric bromphenol blue 
with pepsin extraction® 
Jensen (1962) 
Foskett & Miksche (1966) 
Poux (1970), modified® 
Casselman (1959) 
Jensen (1962) 
Jensen (1962) 
Mazia, Brewer & Alfert 
(1953) 
®Techniques outlined in Appendix B, Charts 5-10, 
Table 8, Total carbohydrates. Periodic acid-Schiffs reaction with alpha-anylase extraction 
with anthers of CMS and N Sorghum bicolor. (+ = staining intensity) 
Anther length Epidermis and Parietal Tapeturn Ï®K Microspores Pollen 
in mm layers 
PAS - amylase PAS -amylase PAS -anylase PAS -anylase PAS -amylase 
P^ PAS PAS PAS PAS 
CMS 
0.5 - 1.05 ++++ 44- 1 1 1 4- 44- 4- . 
1.10 - 1.45 444- 44- 44- 4- 4- -f-
1.50 - 1.80 444- 4- 44- 4- 4- -
1.85 - 2.00 4444- 4- 444- 4- 4-
aborted 444- 44- 44- 4- 4-
N 
0.5 - 1.05 4-H4- 44- 44- 4- 44- 4-
1.10 - 1.45 4-H4- 444- 44- + 44- 4-
1.50 - 1.80 444- 444- 44- + •f 4- 4- 4-
1.85 - 2.50 4444- 444- 444- 44- 4-- 4-
2.55 - 2.75 4444- 4444- 444- 444- 4- 44-
2.85 - ca. 
3.75 
4444- 44- 444- 44-
Table 9, Nucleic acid specificity. Azure B method with anthers of CMS and N Sorghum bicolor. 
(+ = staining intensity) 
(CMS) DNA RNA 
ca. 0.5 - 1.05 44- 44-
1.10 - 1.45 44- 44-
1.50 - 1.80 44- 44-
1.85 - 2.00 4- 4-
Anther length Epidermis Parietal Tapetum MMC Microspore Pollen 
in mm layers 
DNA RNA DNA RNA DNA RNA DNA RNA DNA RNA 
++ 444- + 4444- 44-4444-
44- 44- 4- 4444- 444-4444-
44- 44- 4-4444- 444- 4444-
4- 4- 4- 444- 4-
aborted 4- 4-4-4-4- I  I  I  I  4 -
(N) 
ca.0.5 - 1.05 44- 44- 44- 444- 4- 4444- 44- 4444-
1.10 - 1.45 44- 44- 44- 444- 4-4444- 44- 4444-
1.50 - 1.80 -H- 44- -H" I I I -t- I I I I 44- I I II 
1.85 - 2.50 4- 4- 4- 4- 4- 4444- 4- 44-
2.55 - 2.75 4- 4- 4- 4-4- 444- 4-
2.80—ca.3.75 -I— 4- -J— | 11 -J-
Table 10. Total protein. Mercuric brom-phenol blue reaction with pepsin extraction with 
anthers of CMS and N Sorghum bicolor. (+ = staining intensity) 
Epidermis layers*^ Tapetum MMC Microspore Pollen 
(CMS) 
ca. 0.50 - 1.05 ++ ++ 
1.10 - 1.45 ++ ++ 
1.50 - 1.80 -H- ++ 
1.85 - 2.00 ++ -H-
aborted ++ ++ 
(N) 
ca. 0.50 - 1.05 + + 
1.10 - 1.45 ++ ++ 
1.50 - 1.80 + + 
1.85 - 2.50 + + 
2.55 - 2.75 + ++ 
2.80 - ca. 3.75 + ++ 
Table 11. Histochemistry of normal and sterile stamens of Sorghum bicolor. (+ = staining 
intensity) 
Anther 
length 
in mm 
PAS - carbohydrates DNA/RNA - azure B Protein - brom phenol blue 
Filament Vascular Parietal 
cells bundle cells 
(CMS) 
ca, 0.5 - 1.05 ++ 
1.10 - 1.45 -H-
1.50 - 1.80 ++ 
1.85 - 2.00 44-
aborted ++ 
(N) 
ca. 0.5 - 1.05 + 
1.10 - 1.45 + 
1.50 - 1.80 ++ 
1.85 - 2.50 + 
2.55 - 2.75 ++ 
2.85 - ca, -H-
3.75 
Filament Vascular Parietal Filament Vascular Parietal 
cells bundle cells cells bundle cells 
++ 
++ 
+ 
++ 
+ 
+ 
++ +++ ++ +++ 
++ -H-f -H-
++ -H- -H-
++ +++ ++ 
DNA/RNA DNA/RNA UwA/RdA 
+ +++ -H- ++ 44- 44-
4- 444- 4-4-44-44- 444-
44- 4-
4-
4-
4-
4-
4-
4-f 
4-
44-
4-
4-
4-
44-
4-
+ 
4-
-1-
4-
4-
N) 
O 
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APPENDIX B; TECHNIQUE-FLOW CHARTS 
Chart 1. Aceto-orcein anther squash method 
Tissue fixed in 3:1 alcohol-acetic acid (3 parts absolute alcohol to 
1 part glacial acetic acid) for 2-24 hr at room temperature. 
Anthers placed in a drop of aceto-orcein on a glass slide 
Under a dissecting scope, the masses of sporocytes were dissected or 
squeezed out by pressing with a scalpel tip or flattened needle 
tip. Anther walls were removed and discarded, 
Coverslip placed over the drop of stain and sporocyte mixture. 
Slide heated over a flame (without boiling the stain). 
Slide pressed gently between several layers of paper toweling or 
blotting paper. 
During examination small quantities of stain or 45% acetic acid added 
to prevent evaporation. 
Slides were temporarily frozen with CO, (Bowen, 1956) and dipped in 
957. ethanol. 
Permanent slides were made by mounting in Diaphane. 
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Chart 2, Wholemount clearing technique 
Whole anthers placed into 95% ethanol until tissue is discolored 
(24-28 hr). 
Anthers placed in 5% sodium hydroxide at room temperature (4-7 days). 
Clearing time varies with the stage of the anther. 
Tissue washed in distilled water 3 times (5 min each). 
Tissue placed in 2 changes of 95% ethanol (10 min each). 
Tissue placed in 1% Safranin solution in 95% ethanol (15 min). 
Tissue placed in 1:1 xylene-100% ethanol (10 min). Tissue destained 
to desired intensity by leaving in this solution. 
Material was placed in xylene (10 min). 
Whole anthers were mounted in Piccolyte. 
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Chart 3, Paraffin method 
Whole anthers removed from floret. 
Fixed in FAA or Graf III at room temperature for 12 hr. 
Dehydrated to 50% ethanol. 
Further dehydrated in TBA (tertiary butyl alcohol) series (15 min each 
step): 
1 - 25 ml TBA, 125 ml 95% ethanol, 100 ml distilled water (= 50% 
alcohol) 
2 - 35 ml TBA, 100 ml 95% ethanol, 65 ml distilled water (= 70% 
alcohol) 
3 - 50 ml TBA, 100 ml 95% ethanol, 50 ml distilled water (= 85% 
alcohol) 
4 - 100 ml TBA, 100 ml 95% ethanol: add 1% Eosin for surface 
stain (= 95% alcohol) 
5 - 150 ml TBA, 50 ml 100% ethanol (= 100% alcohol 
6 - 100% TBA (3 changes, 15 min each) 
Infiltrated in 3:1 Paraplast (or Tissuemat);TBA (24 hr) 
Infiltrated in 1:1 Paraplast (or Tissuemat):TBA (12 hr) 
Infiltrated with pure Paraplast (56-57C) or Tissuemat (56,5C): (3 changes 
during 24 hr) 
Embedded in aluminum boats 
Blocks trimmed to expose tissue 
Sectioned at 10-12 >im 
Sections mounted on microslides with Haupt's adhesive (Jensen, 1962) 
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Chart 4, Plastic method - Araldite/Epon 
Anthers dissected from floret 
Anthers split longitudinally or tip excised 
Fixed in 57„ glutaraldehyde (Fisher 50% biological grade) in O.IM 
phosphate buffer pH 7.0-7.5 at 4C for 12 hr 
Rinsed in buffer (3 changes, 20 min each) 
Post-fixed in 1% OSOA (osmium tetroxide) in phosphate buffer at 4C 
(1-2 hr) 
Rinsed in buffer (3 changes, 10 min each) 
Dehydrated in ethanol series 
Dehydration schedule: 
25% ethanol (10 min) 
50% ethanol (10 min) 
70% ethanol (10 min) 
95% ethanol (10 min) 
100% ethanol (3 changes, 10 min each) 
Propylene oxide (PC), (3 changes, 5 min each) 
Infiltrated with propylene oxide and Araldite/Epon 
Infiltration schedule; 
5:1 PC:Araldite/Epon (30 min) 
3:1 PC;Araldite/Epon (1 hr) , 
1:1 PC:Araldite/Epon (2 hr) 
1:3 PO:Araldite/Epon (2-4 hr) 
Epon plastic (6-10 hr) 
Embedded in aluminum boats 
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Chart 4. continued 
Polymerization 
8-24 hr at 37C 
8-24 hr at 45C 
24-72 hr at 60C 
Blocks trimmed to expose tissue 
Tissue sectioned from 2 /an to 60-70 nm 
Araldite/Epon mixture: 
Araldite 502 15.0 gm 
Epon 812 15,0 gm 
DDSA 30.0 gm 
DMP-30 1.5 ml 
Epon A-B mixture: (3 parts 
A to 2 parts B) 
Mixture A; 
Epon 812 62 ml 
DDSA 100 ml 
Mixture B: 
Epon 812 100 ml 
NMA 89 ml 
Add 0.2 ml DMP-30 per 10 ml 
Epon A-B mixture 
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Chart 5, Acid phosphatase test — lead sulfide procedure — light 
microscopy 
Fresh tissue was fixed in 5% glutaraldehyde (Fisher 507. biological 
grade) in O.IM phosphatase buffer at pH 7.0-7.2 in 1% sucrose 
at 4C for 12 hr 
Tissue processed as follows; Sample rinsed (3 changes at 20 min each) 
'with 0.5M acetate buffer, pH 5,0. 
I 
Sample # 2 
Incubated in 
medium minus 
substrate 10-12 
hr at 37C 
Sample # 3 
Incubated in medium 
and add O.OOIM NaF 
10-12 hr at 37C 
Sample # 1 
Placed in incubation 
mixture (substrate 
solution)* 10-12 hr 
at 37C 
Rinsed in distilled water 
Rinsed in 27. acetic acid 
Rinsed in distilled water 
Placed in Coplin jar containing 1 ml (NH^)^S per ml H2O (5 min) 
Rinsed in distilled water (2X, 5 min each) 
Dehydrated in ethanol series to 95% ethanol 
307o ethanol - 4 min 
50% ethanol - 4 min 
70% ethanol - 4 min 
95% ethanol - 4 min 
Counterstained with 0.5% fast green in 95% alcohol 
Placed in 100% ethanol - 4 min 
Mounted in Diaphane (sites of phosphatase appeared as black deposits) 
Incubation mixture - 500 ml of 0.05 M acetate buffer, ph 4.5-5.0 
Dissolve 0.6 gm lead nitrate (0.003M) 
Add 50 ml of O.lM B-sodium glycerophosphate 
(substrate) 
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Chart 6. Acid phosphatase test — lead sulfide method — electron 
microscopy 
Tissue fixed in 5% glutaraldehyde (50% biological grade) in O.IM 
phosphate buffer at pH 7.0-7,2 in 1% sucrose at 4C for 12 hr. 
Sample rinsed (3 changes at 20 min each) with acetate buffer, 0,5M 
at pH 5.0. 
Sample # 1 - in complete incubation mixture* 
10-12 hr at 37 C 
Sample # 2 - in incomplete incubation mixture 
(incubation mixture minus sodium glycerophosphate) 
10-12 hr at 37C 
Sample # 3 - in complete incubation mixture plus equal 
amounts of O.OIM NaF 
10-12 hr at 37C 
Rinsed in distilled water (3 changes, 10 min each) 
Placed in 2% acetic acid (2 min) 
Rinsed in 0.5% ammonium sulfide (5 min) 
Rinsed in distilled water (2 changes, 5 min each) 
Postfixed in 1% OSOA at 4C for 1-2 hr in 0.05M phosphate buffer, 
pH 7.2-7.5 
Dehydrated in an acetone series: 
30% acetone;water - 10-15 min 
60% acetone:water - 10-15 min 
90% acetone:water - 10-15 min 
100% acetone - 2 changes at 10 min each 
Infiltrated in Acetone - Epon A/B series: 
3:1 acetone - Epon A/B (30 min) 
1:1 acetone - Epon A/B (30 min) 
1:3 acetone - Epon A/B (30 min) 
Epon A/B (6-10 hr) 
Embedded, trimmed, sectioned - observe without staining. Active sites 
should appear black. 
^Complete incubation mixture: 0.1-0.5H acetate buffer, pH 5.0 -
40 ml; O.IM lead nitrate - 10 ml; 3.2% (O.IM) B-sodlum glycerophosphate 
- 4 ml; Distilled water - 6 ml. 
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Chart 7, Total carbohydrates PAS (periodic acid-Schiff) reaction with 
alpha-amylase reaction 
FAA-fixed tissue was Paraplast-embedded and sectioned at 10-12 ;um 
3 slides mounted with alternate sections (Jensen, 1962) 
Hydrated to water (not coated with Parlodion) 
Rinsed in distilled water (2 changes at 5 min each) 
Placed in 0.5% periodic acid (30 min) 
Washed in running tap water (10 min) 
Stained in Schiff's reagent (15 min) at 4C in the dark (Jensen, 1962) 
Rinsed in tap water 
Placed in 2.0% sodium bisulfite (2 min) 
Washed in running tap water (10 min) 
Dehydrated to xylene; 
307» ethanol - 4 min 
507. ethanol - 4 min 
707. ethanol - 4 min 
957. ethanol - 4 min 
100% ethanol - 4 min 
1:1 1007. ethanol - xylene - 4 min 
xylene (2 changes, 5 min each) 
Mounted in Permount or Piccolyte 
Slide # 1 Slide # 2 Slide # 3 
1% alpha-amylase in 
neutral buffered saline 
solution 24-36 hr at 37C 
Neutarl buffered saline Distilled 
24-36 hr at 37C (control) water 
(control) 
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Chart 8. Nucleic acids Azure B DNA/RNA extraction method 
FFA-fixed tissue was Paraplast-embedded and sectioned at 10-12 ^  
4 slides mounted with alternate sections (Jensen, 1962) 
Paraffin removed in 2 changes of xylene (4 min each) 
Placed in 1:1 - 100% ethanol-xylene (4 min) 
Placed in 100% ethanol (4 min) 
Slides coated with Parlodion 
Slides hydrated to distilled water 
Slide # 1 
Distilled water at 
room temp (2 hr) 
Slide # 2 
Distilled water 
at 37C (2 hr) 
Slide # 3 
0.1% RNAase, 
pH 6.8 at 37C 
(2 hr) pH ad­
justed with IN 
NaOH (removes 
Slide # 4 
Distilled 
water ad­
justed to 
pH 6.8 at 
37C (2 hr) 
Distilled water (3 changes, 5 min each) 
Stained in 0.23mg/ml Azure B in citrate buffer, pH 4.0 at 50C (2 hr) 
Wahes in distilled water or running water (3 changes, 5 min each) 
Slides blotted dry with filter paper 
Placed in pure TBA (tertiary butyl alcohol), 10-15 min 
Placed in 1:1 TBA-xylene (5 min) 
Placed in xylene (2 changes, 5 min each) 
Mounted in Piccolyte and cover slip added 
(DNA stains blue-green, RNA purple to dark blue. Lignified cell walls 
appear green, and the cuticle and sieve plates appear reddish). 
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Chart 9, Nucleic acids Methyl green/Pyronin Y - DNA/BNA. extraction 
FAA-fixed tissue was Paraplast-embedded and sectioned at 10-12 
4 slides mounted with alternate sections (Jensen, 1962) 
Paraffin removed in 2 changes of xylene (4 min) 
Placed in 1:1 100% ethanol and xylene (4 min) 
Placed in 100% ethanol (4 min) 
Slides coated with Parlodion 
Slides hydrated to distilled water 
Slide #1 Slide # 4 Slide # 3 Slide # 2 
Distilled water Distilled water 0.1% RNAase, Distilled water 
at room temp (2 hr) at 37C (2 hr) pH 6,8 in dis- adjusted to 
tilled water pH 6.8 at 37C 
at 37C (2 hr) (2 hr) 
- adjust pH 
with IN NaOHyX^ 
Placed in distilled water (3 changed, 5 min^each) 
Slides blotted dry with filter paper 
Placed in mixture of methyl green^ / pyronin Y at room temp (15 min) 
Slides blotted dry with filter paper 
All slides placed in 2 changes of N-butanol (15 sec each) 
Slides placed in xylene (30 sec) 
Mount in Piccolyte and add coverslip (DNA will stain blue to blue-green 
and RNA will stain reddish to pink). 
^Methyl-green must be purified to remove all of the purple impurities 
by extracting with chloroform or ether. Then the pyronin Y is added to 
the extracted mixture. 
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Chart 10. Total protein Mercuric bromphenol blue/pepsin extraction 
FAÂ-fixed tissue was ParaplaSt-embedded and sectioned at 10-12 jum 
3 slides mounted with alternate sections (Jensen, 1962) 
Paraffin removed in 2 changes of xylene (4 min each) 
Placed in 1:1 100% ethanol-xylene (4 min) 
Slides coated with Parlodion 
Slides hydrated to distilled 
Washed in tap water (3 change», u uij.u WMU/ 
Dehydrated to 95% ethanol 
Stained in mercuric bromphenol blue at room temp (30 min) 
Placed in 0.1 N acetate buffer, pH 7.0 at room temp (3-4 min) 
Rinsed in distilled water very rapidly (a few dips) 
Dehydrated to xylene; 
30% ethanol (4 min) 
50% ethanol (4 min) 
70% ethanol (4 min) 
95% ethanol (4 min) 
100% ethanol (4 min) 
1*1 100% ethanol-xylene (4 min) 
xylene (2 changes at 5 min each) 
Mounted in Permount or Piccolyte (proteins stain blue) 
Slide # 1 
0.02 N HCl with 0.4% 0.02 N HCl at 
pepsin at 37C (12 hr) 37G (12 hr) 
(removes pepsin) 
Distilled water 
at 37C (12 hr) 
ontrol) (c<mtrol) 
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APPENDIX C; KEY TO LABELLING 
A annulus P plastid 
C callose PL plasmalemma 
CC companion cell PP phloem parenchyma 
D dictyosome PR parietal cell layer 
E epidermis PT protoplast 
ER endoplasmic reticulum PTW peritapetal wall 
EX exine R ribosomes 
FL fibrillar layer ST secondary thickening 
GC generative cell STM sieve tube member 
H cavea T tectum 
L lamellae TA tapeturn 
M mounds TER tubular endoplasmic reticulum 
MB microbodies TP tonoplast 
MI mi tochondrion V vacuole 
MMC microspore mother cell VE vessel element 
N nexine X artifact 
NL nucleolus XP xylem parenchyma 
NU nucleus z Zwis chenkorper 
Ntf nacreous wall 
0 operculum 
OR orbicule 
ORtf orbicular wall 
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APPENDIX D: FIGURES 
Figure 1. A diagrammatic scheme of microsporogenesis in dicots and monocots. 
The numbers (1-8) indicate stages explained in Table 2. 
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Figure 2, A comparison of eight 
and tapetal orbicular 
are drawn to the same 
stages of CMS microspore wall 
wall development. All figures 
scale except where noted. 
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Figure 3. Dissected floret (with lemma and palea removed) of CMS 
line showing androecium and gynoecium. Line scale 
represents 0.4 mm 
Figure 4. Whole freshly excised anthers of N (top row) and CMS 
(bottom row) lines at comparable developmental stages. 
Note the CMS anther at far right, which shows cessation 
of growth and is shrunken. Line scale represents 0.3 mm 
Figure 5. Higher magnification of CMS anthers showing various stages 
of abortion in more detail. Note the progression of degen­
erative anthers from left to right. Line scale represents 
0.3 mm 
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Figure 6-22. Near median, longisections through CMS anthers illus­
trating microsporogenesis up to, but not including, 
abortion. Line scale represents 25 /un 
Figure 6. Sporogenous mass stage. 
Figure 7. Premeiosis. Early deposition of callose near center 
of sporogenous mass. 
Figure 8. Same stage as Figure 8. Fluorescence microscopy 
showing callose. 
Figure 9,10, Premeiosis. Each figure shows continued deposition 
of callose near center of sporogenous mass. 
Figure 11. Same stage as Figure 9,10. Fluorescence microscopy 
emphasizes the callose. 
Figure 12. Prophase I. Each microspore mother cell (MMC) is 
surrounded by callose. 
Figure 13. Dyad stage. 
Figure 14. Tetrad stage. 
Figure 15. Tetrad stage. Collapsed microspores represent 
fixation artifacts. 
Figure 16. Tetrad stage. Fluorescence microscopy reveals that 
callose persists between microspores. 
Figure 17. Early vacuolate microspore stage. Note the numerous 
small vacuoles in the tapetum. 
Figure 18. Early vacuolate microspore stage. Note the numerous 
small vacuoles in the tapetum. Some microspores are 
appressed to the tapetum. 
Figure 19. Mid-vacuolate microspore stage. 
Figure 20. Mid-vacuolate microspore stage. Microspores and 
tapetum highly vacuolate. 
Figure 21. Late vacuolate microspore stage. 
Figure 22. Late vacuolate microspore stage. Microspores appressed 
to the tapetum. 
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Figure 23-30. Early stages of CMS microspore wall development. Line 
scale represents 250 nm 
Figure 23. Sporogenous mass-MMC stage. Early microspore and 
tapetal wall interface. Only primary walls present. 
Figure 24. Early tetrad stage. Sporopollenin granules visible 
on tapetal primary wall (arrows). 
Figure 25. Early tetrad stage. Sporopollenin granules more 
readily visible on tapetal primary wall (arrows). 
Figure 26. Late tetrad stage. Islands of primexine visible 
adjacent to microspore plasmalemma (arrow). 
Figure 27. Late tetrad stage. Islands of primexine are more 
distinct next to microspore plasmalemma. 
Figure 28. Late tetrad stage. Callose wall disappearing. 
Differentially stained loci in primexine (arrow). 
Figure 29. Early vacuolate microspore stage. Callose wall 
has completely disappeared. Primexine loci are 
more distinct (arrows). 
Figure 30. Early vacuolate microspore stage. Callose wall has 
completely disappeared. Young bacula (loci) apparent 
in primexine (arrows). 
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Figure 31. Dyad stage showing typical complement of cell organelles. 
Line scale represents 300 nm 
Figure 32. Microspores at late tetrad stage. Callose wall restricted 
to zone between microspores. Line scale represents 300 nm 
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Figure 33-38. Later stages in CMS exine development. Line scale 
represents 250 nm 
Figure 33. 
Figure 34. 
Figure 35. 
Figure 36. 
Figure 37. 
Early vacuolate microspore stage showing darkly 
stained primexine layer and bacula (arrow). Three 
to five layers are evident within the primexine. 
Early mid-vacuolate microspore stage showing 
bacular mounds and deposition of sporopollenin in 
interbacular spaces. 
Early mid-vacuolate microspore stage showing bacular 
mounds. 
Early vacuolate microspore-stage showing fibrous 
layer in cavea and channels between bacular mounds. 
Late vacuolate microspore stage. All layers of 
mature exine now present. Fibrous layer of cavea 
tenuous. 
Figure 38. Late vacuolate microspore stage. A tangential section 
of the exine, showing mounds, bacula, cavea, and 
channels in the tectum and nexine. 
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Figure 39. 
Figure 40. 
Figure 41. 
Figure 42, 
CMS early vacuolate microspore showing typical complement 
of cell organelles. Line scale represents 400 nm 
CMS mid-late vacuolate microspore showing typical complement 
of cell organelles. Note granular layer beneath nexine. 
Line scale represents 400 nm 
CMS mid-late vacuolate microspore showing typical comple­
ment of cell organelles. Granular layer beneath nexine 
less distinct. Line scale represents 200 nm 
CMS late vacuolate microspore showing typical complement 
of cell organelles and fibrillar layer. Line scale 
represents 200 nm 
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Figure 43. CMS late vacuolate microspore showing thin granular 
layer evident beneath the nexine and the typical 
complement of cell organelles. Line scale represents 
1,000 nm 
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Figure 44. 
Figure 45. 
Figure 46. 
CMS early vacuolate microspore showing pore aperture 
and annulus. Line scale represents 300 nm 
CMS early vacuolate microspore showing pore aperture, 
annulus, and operculum. Line scale represents 300 nm 
CMS vacuolate microspore showing fully developed pore 
with annulus and operculum. Note the granular 
"Zwischenkorper" zone below the annulus. Line scale 
represents 300 nm 

Figure 47. Scanning electron micrograph of a monoporate CMS 
microspore. Line scale represents 0.5 pm 
Figure 48. Scanning electron micrograph of a biporate CMS microspore. 
There are conspicuous patches of debris present. Line 
scale represents 0.5 fixa. 
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Figure 49-52. Longisections of CMS anthers showing mid-vacuolate to 
microspore abortion stages. Note orientation of micro­
spores (arrows). Line scale represents 30 )m 
Figure 49. 
Figure 50. 
Figure 51. 
Figure 52. 
Mid-vacuolate microspore stage. The microspores and 
tapetum are slightly vacuolate. 
Late vacuolate microspore stage. The microspores 
are more vacuolate and each tapetal cell has a single 
large vacuole. 
Appearance of microspores at onset of abortion. The 
tapetum remains intact and nucleated. 
Completely aborted microspores. The highly vacuolated 
tapetum still retains its protoplast. Note nuclei 
of some tapetal cells (arrows). 
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Figures 53-56. Cross section of CMS anthers from mid-vacuolate to 
aborted microspore stages. Microspores are not 
collapsed but show swelling of protoplast due to 
fixation artifacts. Line scale represents 10 /im 
Figure 53. Mid-vacuolate microspore showing retraction of 
protoplast from nexine. Glutaraldehyde fixation 
and embedded in araldite-epon. 
Figure 54. Late vacuolate microspores showing complete retraction 
of the protoplast from the nexine. Tapetum appears 
crushed. FAA fixation and embedded in paraffin. 
Figure 55. Late vacuolate microspore showing large single 
vacuoles adjacent to crushed tapetum. FAA fixation 
and embedded in paraffin. 
Figure 56. Aborted microspores collapsed with granular protoplast. 
Glutaraldehyde fixation and embedded in araldite-epon. 
The tapetum is intact with a tenuous protoplast. 
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Figure 57. Late vacuolate CMS microspore (center at top) partly 
collapsed, showing numerous small vacuoles. Adjacent 
microspores have not yet collapsed but show swelling 
of protoplast membranes due to fixation artifacts. 
Line scale represents 1,000 nm 
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Figure 58-61. Median longisections through CMS anthers showing 
early and late stages of microspore abortion. 
Line scale represents 20 ^  
Figure 58. 
Figure 59. 
Figure 60. 
Partly collapsed microspores. Orbicular wall 
of tapetum retains remnants of tapetal proto­
plasts. 
Partly collapsed microspores showing granular 
cytoplasm. 
Collapsed microspores with surrounding locular 
debris. The tapetum remains vacuolate and 
nucleated. 
Figure 61, Totally collapsed microspores showing tenuous 
granular protoplast. Only the orbicular wall of 
the tapetum remains (arrows). 
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Partly collapsed microspores showing degenerate protoplast 
and the adjacent binucleate tapetal cell. Line scale 
represents 500 nm 
Completely aborted microspores showing remnants of proto­
plast. Note the adjacent collapsed tapeturn and peritapetal 
wall next to the parietal cell wall. Line scale represents 
500 nm 
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Figure 64-69, Scanning electron micrographs of vacuolate and 
aborted microspores situ from split locules 
Line scale represents iTFjSm 
Figure 64, 
Figure 65. 
Figure 66, 
Figure 67, 
Figure 68, 
Late vacuolate microspore before abortion. 
Late vacuolate microspores appressed to the 
orbicular wall of the tapetum. Note the 
identations and the filmy layer overlapping the 
microspores. 
Partly collapsed microspore at the onset of 
abortion. Note the tapetal cell depressions. 
Microspores showing first external signs of 
collapse. 
Partly collapsed microspores appressed to the 
tapetum. 
Figure 69, Totally collapsed microspores 
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Figure 70, Degenerating microspore showing well-developed pore 
and loss of protoplast. Granular layer beneath 
nexine is still apparent. Tapetal cells are vacuolated 
and the orbicular wall is separating from the proto­
plast. Line scale represents 500 nm 
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Figure 71-74. Various states of the protoplast just before 
and during the collapse of the microspore. Line 
scale represents 300 nm 
Figure 71. 
Figure 72. 
Figure 73. 
Note the fine granular layer beneath the nexine. 
Note gray lipid body (arrow) in the protoplast 
and the fibrous layer beneath the nexine. The 
cavea is completely free of fibrous remnants 
and the vacular channels are less apparent. 
The granular layer beneath the nexine is still 
apparent. The cristae of the mitochondria have 
lost their integrity. 
Figure 74. Granular layer beneath the nexine has completely 
disappeared and the protoplast has become totally 
disorganized. 
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Figure 75, 
Figure 76. 
Figure 77. 
Section through an aborted CMS early vacuolate pollen 
grain. Note the generative cell completely surrounded 
by callose. Line scale represents 1,000 nm 
Longisection through CMS anther locule at the early 
vacuolate pollen stage. One pollen grain contains a 
generative cell surrounded by callose (arrow). Note 
the degenerating tapeturn. Line scale represents 20 ^  
Longisection through the same locule showing early 
vacuolate pollen grains undergoing abortion. Line 
scale represents 20 pa. 
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Figure 78-81, Cross section through CMS anthers showing various 
stages of microsporogenesis. Line scale represents 
20 pa. 
Figure 78, 
Figure 79, 
Figure 80, 
Sporogenous mass-MMC stage showing callose in the 
center of the locule. The tapeturn is not enlarged 
at this stage. 
Meiosis I stage showing binucleate tapetal cells 
which are enlarged and vacuolated. Note the 
separation of the innermost parietal layer from 
a portion of the tapeturn. 
Meiosis I stage showing enlarged binucleate tapetum. 
Figure 81 Collapsed microspore showing a highly vacuolate 
and enlarged tapetum, swelling due to fixation artifact 
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Figure 82-88. Early stages in CMS tapetal cell orbicular 
wall development. Line scale represents 500 nm 
Figure 82, 
Figure 83, 
Figure 84, 
Figure 85, 
Figure 86, 
Figure 87, 
Figure 88, 
Sporogenous mass-MMC stage showing primary wall 
between sporogenous and tapetal cells. 
Tapetal cells at early tetrad stage showing undulate 
plasmalemma and plasmodesmata (arrow). 
Binucleate tapetal cell at dyad stage. Note the ER 
associated with plastids and mitochondria. 
Early tetrad stage showing dense granules and fibrillar 
remnants of tapetal primary wall. 
Late tetrad stage showing pro-orbicules between 
adjacent tapetal radial walls. 
Early vacuolate microspore stage showing pro-orbicules 
in plasmalmmma indentations. Fibrillar layer is 
tenuous. 
Early vacuolate microspore stage showing pro-orbicules 
with sporopollenin deposits. Fibrillar primary wall 
is quite tenuous. 
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CMS sporogenous mass-MMC stage showing tapeturn with 
typical complement of cell organelles. Note con­
centric tubular endoplasmic reticulum (upper right). 
Line scale represents 500 nm 
CMS later sporogenous mass-MMC stage showing tapetal 
cell with numerous plastids. Callose separates the 
tapetal cell plasmalemma from the MMC. Line scale 
represents 500 nm 
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Figure 91, 
Figure 92, 
Figure 93, 
CMS meiosis I stage showing binucleate tapetal cell 
with typical complement of cell organelles. Note 
the ER surrounding the plastids. Line scale represents 
500 nm 
CMS dyad-tetrad stage. Enlarged portion of one tapetal 
cell showing some of the typical complement of cell 
organelles. Line scale represents 500 nm 
CMS dyad-tetrad stage. Enlarged portion of one tapetal 
cell showing complement of cell organelles. Line 
scale represents 500 nm 
181 
iér-fja 
A 
mm 
'sm 
ïiAii 
Figure 94-100. Later stages in CMS tapetal cell orbicular wall 
development. Line scale represents 500 nm 
Figure 96. Early vacuolate microspore stage showing 
continuation of sporopollenin deposition on 
pro-orbicules. Fibrillar primary wall still 
tenuous but persistent. 
Figure 95. Early vacuolate microspore stage. Tapetal 
cell with developing orbicules. Pro-orbicules 
do not stain. Fibrillar primary wall has almost 
disappeared. 
Figure 96, Late vacuolate microspore stage showing channels 
in orbicular sporopollenin. 
Figure 97. Late vacuolate microspore stage showing channels 
in orbicular sporopollenin. 
Figure 98. Late vacuolate microspore stage showing orbicular 
wall. Note electron transparent "brick-like" 
spaces (arrows) beneath the base of the orbicular 
layer, in the fibrillar layer. 
Figure 99, Late vacuolate microspore stage showing the 
orbicular wall, Pro-orbicule material (arrow) 
still does not stain. Fibrillar layer is present. 
Figure 100. Late vacuolate microspore stage showing the orbicular 
wall. Pro-orbicule material (arrow) still does 
not stain. Fibrillar layer still persists. 
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Figure 101, CMS mid-vacuolate microspore stage showing tapeturn 
with its orbicular wall and typical complement of 
cell organelles. Note dense peritapetalwall 
(arrows). Intact parietal layers lie adjacent to 
the tapeturn. Line scale represents 1,000 nm 
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Figure 102-104, Enlarged portions of CMS tapeturn at late vacuolate 
microspore stage. Line scale represents 500 nm 
Figure 102. Portion of two cells showing the typical comple­
ment of cell organelles. Note the abundance of 
ER associated with the plastids and the dark.osmio-
philic material within the plastids; dictyosomes, 
microbodies, vesicles, plastids, ER, and numerous 
small vacuoles. 
Figure 103. Note plastids, numerous microbodies, vesicles, 
plastids, ER, and densely stained ribosomes. 
Figure 104 ER is associated with plastids which still 
contain osmiophilic material. 
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Figure 105, Degenerating microspore and the intact vacuolate tapeturn 
with the typical complement of cell organelles. Note 
the faint peritapetal wall (arrows). Line scale 
represents 2,000 nm 

Figure 106, Median longisection through a portion of a CMS 
locule at the beginning of microspore abortion. 
Note the close association of the partly collapsed 
microspores and the tapeturn. Line scale represents 
20 ^ 
Figure 107. Higher magnification of the same specimen showing 
some cellular debris between the orbicular wall 
and the microspore exine. Line scale represents 
500 nm 
Figure 108. Median longisection through a CMS locule at the late 
microspore abortion stage. Cytoplasmic or locular debris 
has collected between the collapsed microspores and 
the tape turn. Line scale represents 20 pea. 
Figure 109. Higher magnification of the same specimen showing the 
intact orbicular wall with basal fibrillar layer still 
intact. Not the numerous "brick-like" electron trans­
parent structures associated with the orbicular wall 
(arrows). Line scale represents 500 nm 
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Figure 110* Microspore abortion stage showing a portion of a 
tapetal cell with its typical complement of organelles. 
Note the close association of the mitochondria, plastids 
with osmiophilic bodies, and ER to the tapetal plasmalemma 
due to vacuolation. Line scale represents 250 nm 
Figure 111. Microspore abortion stage showing a portion of another 
tapetal cell with its typical complement of organelles 
and densely stained ribosomes. Line scale represents 
250 nm 
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Figure 112, 
Figure 113. 
Intact tapetal orbicular wall adjacent to the exine 
of an aborted microspore, Tapetal protoplast absent. 
Line scale represents 250 nm 
Tapeturn at microspore abortion stage lacking a proto­
plast but with a persistent orbicular wall. Abortion 
has occurred at the mid-vacuolate microspore stage. 
Line scale represents 1,000 nm 

Figure 114-117. Longisection of CMS and N anthers stained for 
total carbohydrates and starch (PAS reaction) 
with alpha-amylase extraction. Line scale 
represents 25 ^  
Figure 114. CMS anther at sporogenous mass-MMC stage. 
Note densely stained parietal layers. Total 
carbohydrates. 
Figure 115. CMS anther at vacuolate microspore stage. Total 
carbohydrates. 
Figure 116. CMS anther at microspore abortion stage. Alpha-
amylase extraction. 
Figure 117 N anther at engorged pollen stage 
extraction. 
Alpha-amylase 
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Figure 118-121. Longisections of CMS and N anthers stained 
for nucleic acids with azure-B, Line scale 
represents 25 )im 
Figure 118. 
Figure 119, 
Figure 120, 
CMS anther at MMC stage. Note densely stained 
tapeturn. 
N anther at MMC stage. Note densely stained 
tapeturn. 
CMS anther at microspore abortion stage. Note 
degenerative tapeturn (arrows). 
Figure 121 RNAase extraction control for Figure 120 
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Figure 122-126. Longisections of CMS and N anthers stained for 
protein with mercuric-bromphenol blue. Line 
scale represents 25 jm 
Figure 122. CMS anther at MMC stage. 
I 
Figure 123. N anther at MMC stage. 
Figure 124. CMS anther at early vacuolate microspore stage. 
Note the densely stained tapetum. 
Figure 125. CMS anther at microspore abortion stage. Dark 
stained area due to mechanical damage. 
Figure 126. N anther at vacuolate pollen stage. Note 
binucleate pollen grains. 
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Figure 127, Acid phosphatase histochemistry with beta-sodium 
glycerophosphate incubation mixture. CMS sporogenous 
mass-MMC stage showing tapeturn and adjacent parietal 
layers. Note black precipitation product. 
Line scale represents 1,000 xuii 
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Figure 128-129, Acid phasphatase histochemistry with beta-sodium 
glycerophosphate incubation mixture. Line scale 
represents 500 nm 
Figure 128, CMS meiosis I stage showing the binucleate tapetum 
with precipitate on inner tangential wall. 
Figure 129, CMS meiosis I stage showing adjacent cell walls of 
parietal cells with precipitate on the primary wall 
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Figure 130, 
Figure 131, 
Figure 132, 
Figure 133. 
Cross section of CMS stamen filament at the time 
of microspore abortion showing the vasculature and 
surrounding tissue. Line scale represents 10 ^  
Cross section of N stamen filament at the engorged pollen 
stage showing the vasculature and surrounding tissue. 
Line scale represents 10 ^  
Whole mount clearing of CMS anther at the time of microspore 
abortion showing the vascular bundle. Line scale represents 
100 ^ 
Whole mount clearing (unstained) of N anther at the 
vacuolate pollen stage showing the vascular bundle (arrows). 
Line scale represents 100 ^  
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Figure 134. 
Figure 135, 
Figure 136, 
Figure 137, 
Near median longisection through CMS floret at the 
sporogenous mass-MMC stage. Line scale represents 
100 ^ 
Cross section of CMS floret at the sporogenous mass-MMC 
stage. Line scale represents 100 ^  
Cross section of CMS anther at the early sporogenous 
mass-MMC stage showing microsporangia and filament. 
Line scale represents 20 
Cross section of CMS anther at the late sporgenous 
mass-MMC stage showing microsporangia and filament. 
Line scale represents 20 ^  
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Figure 138-143, Cross sections of CMS and N stamen filaments 
showing the vasculature and surrounding tissue 
at comparable stages of development» Line 
scale represents 20 pm 
Figure 138, CMS premeiosis stage. 
Figure 139, CMS tetrad stage. 
Figure 140, CMS mid-vacuolate microspore stage. 
Figure 141, N premeiosis stage. 
Figure 142, N tetrad stage. 
Figure 143, N mid-vacuolate microspore stage. 
Figure 144, Whole mount clearing of CMS anther at the 
sporogenous mass-MMC stage showing xylem 
(arrows) of the vascular bundle. Line 
scale represents 100 jm 
Figure 145, Enlargement of the tip of the same anther showing 
termination of the vascular bundle. Line scale 
represents 20 pm. 
Figure 146, Enlargement of the base of the same anther 
showing centrally located vascular bundle with 
annular secondary thickenings of vessel elements. 
Line scale represents 10 pn 
Figure 147, Unstained whole mount clearing of a CMS stamen 
at the time of microspore abortion showing its 
attachment to the basal part of the gynoecium, 
the Generally located vasculature, and the collapsed 
microspores of the anther. Line scale represents 
100 ^ m 
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Figure 148. Median longisection through a CMS stamen filament at the 
sporogenous mass-MMC stage showing a vessel element with 
secondary helical thickenings. Line scale represents 
200 nm 
Figure 149. Cross section through a CMS stamen filament at 
sporogenous mass-MMC stage showing the differentiating 
phloem STMs. Line scale represents 200 nm 
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Figure 150, 
Figure 151, 
Cross section through a CMS stamen filament at the 
tetrad stage showing typical cell arrangement and 
complement of cell organelles. Line scale represents 
5 ;im 
Cross section through a CMS stamen filament at the 
early to mid-vacuolate stage showing typical cell 
arrangement and complement of cell organelles. Note 
the degenerate STM which contained lipid inclusions. 
Line scale represents 5 ^  
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Figure 152. 
Figure 153, 
Figure 154. 
Cross section through the vascular bundle of a CMS 
stamen filament at the vacuolate microspore stage 
showing xylem vessel elements with secondary thickenings 
and adjacent xylem parenchyma cells. Line scale 
represents 1,000 nm 
Gross section through the vascular bundle of a CMS 
stamen filament at the vacuolate microspore stage showing 
STMs and surrounding phloem parenchyma. Line scale 
represents 1,000 nm 
Longisection through the vascular bundle of a CMS stamen 
filament at the vacuolate microspore stage showing a 
vessel element with helical secondary wall thickenings. 
Line scale represents 1,000 nm 
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Figure 155. Cross section of CMS stamen filament vascular bundle 
at microspore abortion stage showing the typical 
complement of cells and their organelles. Line scale 
represents 1,000 nm 
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Figure 156-159, Longisections through the CMS stamen filament 
at the late vacuolate microspore stage showing 
the typical vasculature and adjacent cells. Line 
scale represents 20 pm 
Figure 156, Vascular bundle showing xylem vessel elements 
(arrows). 
Figure 157, Vascular bundle showing phloem STM and sieve plates 
(arrows). 
Figure 158, Higher magnification of a portion of Figure 143, 
Figure 159, Fluorescence microscopy of above section showing 
presence of callose in sieve plates. 
Figure 160-163, Longisections through the N stamen filament at the 
late vacuolate microspore stage showing the typical 
vasculature and adjacent cells. Line scale represents 
20 pm. 
Figure 160, Vascular bundle showing xylem vessel elements 
(arrows). 
Figure 161, Vascular bundle showing phloem STM and sieve 
plates (arrows). 
Figure 162, Vascular bundle showing numerous phloem STM and 
sieve plates (arrows). 
Figure 163 Fluorescence microscopy of above specimen showing 
presence of callose in sieve plates. 
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Figure 164-167, Longisectlons through a portion of two phloem STMs 
of the CMS stamen filament vascular bundle. Line 
scale represents 200nm 
Figure 164, Microspore abortion stage. 
Figure 165, Higher magnification of the above specimen. 
Note crystalloid and lipoproteinaceous 
inclusions, (arrows) which have been freed 
from the plastids. Membranes line the sieve 
plate and sieve plate pores. 
Figure 166, Slightly oblique section at the same stage. 
Note the stamen filament with crystalloid 
inclusions (arrows) adjacent to the sieve plate. 
Figure 167 Sporogenous mass-MMC stage showing plastids of 
a STM with lipoproteinaceous inclusions still 
intact. 
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Figure 168-169, Median longlsectlon through the CMS stamen filament 
at the anther base at the microspore abortion stage 
showing the vasculature. Line scale represents 
25 ^  
Figure 170. Median longisection through the N stamen filament at 
the anther base at the engorged pollen stage. Line 
scale represents 25 jm 
Figure 171. SEM of a CMS stamen filament at the anther base at micro­
spore abortion stage showing the epidermal cells and 
collapsed microspores. Line scale represents 25 ^ m 
Figure 172, Median longisection through a CMS stamen filament at the 
anther base at the same stage showing the vasculature. 
Line scale represents 25 ^  
Figure 173, Median longisection through the N stamen filament at 
the engorged pollen stage showing the vasculature. 
Line scale represents 25 jm 
Figure 174 SEM of N stamen filament at the anther base at the engorged 
pollen stage showing the epidermal cells. Line scale 
represents 25 ^  
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